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Abstract
Adhesion promoters play an important role in the future of adhesives for structural adhesive 
bonding of steels. At present this is limited by the poor performance in the presence of 
water. The work described in this thesis examines the adsorption of two very different 
systems; an inorganic and an organic adhesion promoter, onto a technologically important 
substrate. Yttrium hydroxide is seen to deposit as a thin film as a result of thermodynamic 
considerations predicted by the relevant Pourbaix diagram. The deposit formed is 
heterogeneous in nature and is not disrupted by prolonged immersion in water. 
Organosilane adsorption has been studied using XPS and ToF-SIMS and the silane layer 
deposited from a methanolic solution of glycidoxypropyltrimethoxysilane (GPS) appears 
to be disordered. Despite this, there is evidence of the formation of primary bonds between 
the silane and the iron substrate.
The failure surfaces of adhesive bonds, prepared using these adhesion promoters and a 
commercial adhesive system, have been studied with a variety of surface analytical 
techniques. Careful investigation of failed lap shear joints has enabled the exact locus of 
failure to be determined. Interfacial failure occurs as a result of electrochemically driven 
cathodic delamination, as such, the yttrium pretreatment is seen to have no effect upon the 
durability for the systems studied and the environmental exposure conditions employed. 
There is evidence that the efficacy of the inorganic pretreatment is critically dependent on 
both the adhesive and exposure conditions chosen for the tests.
Molecular modelling techniques have also been evaluated for their potential usefulness to 
the adhesion community. The orientation of three organosilanes on iron has been studied 
and the results, although different for each molecule, are in agreement with the models 
proposed on the basis of surface analysis results. These initial studies confirm the benefit 
of the approach, although it is recommended that it continues to be used in conjunction 
with the well established surface analytical techniques.
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Chapter 1
Introduction
1.1 Introduction and Aims
The potential benefits offered by structural adhesive bonding are not optimised fully at the 
present time, this is largely due to the deleterious effect of water on adhesive durability. 
Although strong bonds can be made using technological substrates, their strength is found 
to reduce catastrophically in hostile environments such as those involving water. Several 
pretreatment methods exist which offer improved durability (both to adhesive joints and to 
coated systems), however, most systems are based on the lighter more strategic metals 
which are utilised in the aerospace industry. At present steel is not frequently adhesively 
bonded due to poor durability performance. Consequently, there would be many potential 
benefits offered by an adhesively bonded steel structure which was capable of withstanding 
environmental attack. As a result of this there is a considerable driving force for 
industrialists to develop adhesion promoter systems suitable for steel substrates which 
might have widespread use in everyday engineering applications.
Recent environmental concerns have led to a legislative reduction in the use of many 
candidate materials such as chromates etc. Such enforced concern has resulted in much 
research activity into alternative systems which offer beneficial durability performance 
without hindering either their ease of use or adding economic premiums. Workers at BP 
Research, Sunbury noted a significant improvement in the durability performance of a 
simple epoxy/mild steel system in a hostile environment when a thin film yttrium 
pretreatment was used. The use of this pretreatment was based upon a pragmatic standpoint 
and it was clearly necessary that both the deposition mechanism and the nature of the 
subsequent deposit were investigated further. The thin film nature of this layer required the 
use of techniques capable of offering surface analytical data.
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In addition to the recently suggested yttrium approach, several other more widely accepted 
"environmentally friendly" adhesion promoter systems including organosilane adhesion 
promoters have been used for a number of years. The use of silanes is surrounded by much 
controversy as although their benefits are well established, their mode of operation is still 
open to much debate. As a result of this, the deposition of silane molecules onto 
technologically important iron surfaces will be investigated and the synergistic benefits 
offered by an inorganic yttrium and an organic silane adhesion promoter will be studied.
Previous workers in the adhesion field have confirmed the potential benefits offered by the 
use of surface analysis techniques as they enable the exact locus of failure to be 
determined. To this end a variety of surface analytical techniques, including imaging 
spectroscopies, will be utilised to study the failure surfaces of joints failed following 
conditioning in a hostile environment. Such analyses will allow the failure characteristics 
of both control and yttrium treated joints to be investigated.
The Surface Analysis Laboratory in The Department of Materials Science and Engineering, 
University of Surrey, is equipped with a wide range of such techniques (XPS, ToF-SIMS, 
AES and the scanning probe microscopies, STM and AFM). In combination with this range 
of techniques, small area and imaging XPS are available via the SERC facility (RUSTI at 
The Daresbury Laboratory) and also within the sponsoring CASE organisation (BP 
Research at Sunbury). XPS has been used in adhesion studies for about 20 years, however, 
recent advances in imaging XPS have made available a further powerful technique. Access 
by the author to two different imaging XPS systems, namely the VG Scientific 220i and 
the Scienta ESCA 300, enable the varying imaging protocols (X-Y at constant E versus E- 
X plots at constant Y) to be compared with view to their potential benefits to the adhesion 
community.
Recent developments in computing power and the relative availability of very powerful 
workstations has led to computer chemistry based molecular modelling packages becoming 
an additional tool available to the adhesion scientist. However, as such techniques are 
comparatively new it is essential to validate their usefulness prior to them being used 
routinely. To this end they will be used to determine the nature of adsorption (ie molecular 
orientation with the substrate) of two silane variants which have been studied previously
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using validated surface analytical techniques. Molecular modelling will then be used to 
study the adsorption of a third silane and results will be compared to those from surface 
analytical studies performed on the silane deposit. Molecular modelling may prove to offer 
much scope as a facility for screening new silane molecules as only those with suitable 
adsorption need to be included into an experimental study to determine their usefulness.
It is the aim of this study to establish the relationship between joint strength and the 
distribution and organisation of both an inorganic and an organic adhesion promoter. This 
will be investigated with a view to improving our understanding of their potential 
usefulness when applied to technologically important steel systems.
3
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The Interaction Between Adhesives 
and Metal Oxide Surfaces
2.1 Interfacial Contact
The need for molecular contact between an adhesive and a substrate is paramount in the 
formation of bonds across that interface and hence the formation of strong adhesive joints. 
Typically, bonds operate over a range of a few nanometres, therefore for adhesion to be 
successful, the adhesive must completely wet the substrate and it needs to displace air and 
other contaminants that may be present on the surface. To comply with these requirements 
perfectly, the adhesive must:
(a) exhibit a zero or near zero contact angle when liquid,
(b) have a low viscosity at some point during the bonding operation,
(c) combine with the substrate in a manner to assist in the displacement of
trapped air.
To assess an adhesives suitability it is first necessary to consider wetting and spreading as 
good wetting is the primary requirement for intimate contact. Following this an 
understanding of surface free energies of both adhesive and substrate is necessary and a 
knowledge of the free energy of the adhesive/substrate interface enables the thermodynamic 
stability of that interface to be assessed by a work of adhesion calculation. This section will 
briefly cover methods of measuring the surface free energy and combine the values 
obtained such that work of adhesion calculations can be performed.
2.1.1 Surface Free Energy
Before continuing, it is first necessary to clarify the terminology used here as both the 
terms surface free energy and surface tension are often used interchangeably. Both terms 
are numerically and dimensionally equivalent and as such can be interchanged. The surface
4
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free energy represents the work done per unit area while the surface tension is the force per 
unit length. The concept of surface free energy is best addressed by considering "the 
formation of a surface by breaking bonds across what are to become the two surfaces 
formed" [1] where the surface free energy is the energy needed to break these bonds. The 
advantage of this visualisation of bond breaking is that it establishes immediately the link 
between the magnitude of the surface free energy and the bond energy (strength) of the 
bonds which have been broken. This is illustrated by comparing the surface free energy for 
a range of materials, ie paraffin is about 22 mJm"2 (dispersion forces), water is 72 mJnT2 
(hydrogen bonds) while mercury is 465 mJm'2 (metallic bonds). The surface free energy is 
an important consideration in adhesion studies as bonding to low energy surfaces proves 
problematic. This is demonstrated by the packaging industry which spends considerable 
time and money modifying polymer surfaces (by processes such as corona discharge) to 
give higher surface free energies which will then enable the polymer to be either bonded 
to, or printed on. Fowkes has shown that the surface free energy term (y) can be 
represented as the sum of seven different contributions. However, in general only the first 
three are quoted as they are by far the more dominant, ie:
Y — yD yP yM  ^ Equation 2.1
where y0 = dispersion component (mJm'2)
y15 = polar component (mJm'2)
and = metallic component (mJm'2).
Other contributions also arise from electrostatic, covalent and hydrogen bonds (usually 
enveloped in yp) in addition to minor contributions from permanent dipole-dipole 
interactions and dipole induced dipole interactions..
2.1.2 Contact Angle
The surface free energy of a solid can be determined readily from measurements of the 
contact angle formed between the liquid (adhesive) and the substrate at equilibrium. The 
contact angle is defined as the angle produced between the liquid-vapour interface when 
a tangent is drawn to the profile from the point of three phase (ie solid/liquid/vapour) 
contact. This is shown schematically in Figure 2.1 for a cross section through a sessile drop 
on a substrate.
5
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V apour
L i q u i d
Solid
Figure 2.1 A liquid drop resting at equilibrium on a solid surface, after Kinloch [2],
The contact angle, 0 is related to the free energies of the three interfaces by Young's 
Equation (Equation 2.2).
Ysv = Y s l  + Y lv  co s0  Equation 2 .2
Where ySL = surface free energy of the solid-liquid interface (mJmf2)
yLV = surface free energy of the liquid-vapour interface (mJm'2) 
and ysv = surface free energy of the solid-vapour interface (mJmf2).
The term Ysv represents the surface free energy of a solid in the vapour of the liquid and 
may be considerably lower than the surface free energy of the solid in vacuo, Ys 0 e some 
components of the vapour are likely to adsorb onto the surface, which consists of broken 
bonds, therefore reducing its energy). This difference in surface free energies is frequently 
termed the spreading pressure (7t). This was determined originally from adsorption 
isotherms by the use of the Gibbs adsorption equation, however, it is now widely accepted 
that it is numerically equal to the difference between the surface free energy of the solid 
in vapour and in vacuo, Gregg [3].
71 = (ys ~ Ysv) Equation 2.3
Where % = spreading pressure (mJm'2)
Ys = surface free energy of the solid in vacuo (mJnT2)
and Ysv = surface free energy of the solid-vapour interface (mJm'2).
6
Chapter 2: The Interaction Between Adhesives and M etal Oxide Surfaces.
At this point is necessary to introduce the terms of wetting, non-wetting and spreading and 
distinguish between them, they are demonstrated in Figure 2.2.
Solid
fluid
L iquid
Figure 2.2 A description of (a) wetting, (b) spreading and (c) spontaneous de-wetting.
After Padday [4],
Spreading occurs when the liquid spontaneously and completely wets a surface and occurs 
when 0 = 0°. At values of 90° > 0 > 0°, wetting occurs but the liquid does not spread 
over the entire surface and to do so requires the application of an external pressure. 
Although applied pressure can result in complete wetting of a surface it is always preferable 
for a liquid (adhesive) to have a low contact angle as uniform surface coverage is possible 
using the minimum level of both liquid (adhesive) and work. To be of use in adhesives 
research, it is necessary to be able to measure the contact angle of a liquid on a given 
substrate using a convenient reliable method. Several methodologies exist for contact angle 
measurements and they vary from very simple sessile drops on flat smooth surfaces to more 
elaborate methods such as the Willhelmy plate which enable contact angles of fibres to be 
recorded. It is not intended to review these techniques here as several articles have 
previously addressed this problem [2,5,6]. However, the sessile drop case will be discussed 
further and related to measurements of contact angles for the idealised case of a small 
droplet on a smooth, non-deformable, chemically homogenous substrate. The simplest 
method of contact angle measurement is that of a sessile drop on a flat surface and has the 
advantage of being relatively quick, offering fairly high accuracy (a value of ± 2% is often 
quoted) and both a small amount of liquid and substrate can be used. Equipment consists 
of a horizontal stage (usually in a sealed chamber with a small liquid heater to enable 
vapour saturation around the drop to be achieved), a micrometer pipette, a source of 
illumination behind the drop (either with a heat filter or a cold fibre optic illuminator to 
prevent heating effects) and a telescope with a protractor eyepiece. Using such equipment
7
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the angle can be measured directly using the attached protractor. An alternative approach 
enables the contact angle to be measured indirectly from drop dimensions. An elementary 
trigonometric construction shows that if d is the base of the drop and h the height then:
^ a n  ® Equation 2.4
2 d
This method applies to all drops providing they are small enough so that gravitational 
distortion of the drop is negligible (ie < 10'10m3).
It is important to appreciate that such calculations assume ideal substrate conditions, 
however, in practice substrates are seldom perfectly flat, smooth and chemically 
homogenous and this results in contact angle hysteresis and the development of advancing 
and retarding contact angles. Such factors may play a considerable role when considering 
microscopic phenomena as small scale variations in the substrate will affect microscopic 
contact angles. It is difficult to quantify the level of surface roughness as it is not sufficient 
to use a term such as the roughness average value (RJ which represents the average 
vertical displacement from the mean line of the surface to describe surface roughness. 
Surface topology must also be considered as a surface with parallel grooves can have the 
same roughness average value (RJ as a surface containing an array of pits, however, the 
measured contact angle may be different.
Zisman and co-workers introduced the concept of a critical surface tension (surface free 
energy). This is an empirical value obtained from a plot of the surface free energy of the 
liquid (yLV) against the cosine of the contact angle. Zisman noted that for low energy 
solids, with a homologous series of liquids, a linear relationship existed between yLV and 
cos 0 and that extrapolation of this empirical data back to cos 0 =1 (ie 0 = 0°, spreading 
conditions) led to a critical surface free energy for spreading term, yc. This term was 
regarded by Zisman as a purely empirical parameter "whose relative values act as one 
would expect of the specific surface free energies of the solids" [7] and should not be 
confused with the surface free energy of the solid, although some authors have made this 
mistake.
2.2 Work of Adhesion
The thermodynamic work of adhesion (WA) uses the concepts of surface and interfacial free
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energies to predict the thermodynamic stability of an adhesive system, and is used to 
express the likelihood of two materials (bonded by secondary forces) becoming 
spontaneously separated. Like other thermodynamic approaches such as the use of Gibbs 
free energy (AG) to determine whether a chemical reaction will occur spontaneously, this 
approach clearly offers no information regarding the kinetics of the process. It is therefore 
possible to predict that a system will fail in the presence of a third phase but no indication 
is given regarding the kinetics of failure and it is possible that a system with a negative WA 
may fail spontaneously. Work of adhesion is defined as "the free energy change required 
to separate phases A and B cleanly along the interface and to place each in a separate 
vacuum enclosure"[l] and this is illustrated in Figure 2.3. A negative value of WA indicates 
that a system (adhesive joint) is energetically unstable and that separation will occur, while 
a positive value shows that separation is unlikely.
C ____
A A
c  ^ --------► ^  ~
B B
C  Z? - - — ->
Figure 2.3 Schematic illustrating the creation of two new surfaces.
Provided the interfacial free energies of the two components are known, WA can be 
calculated using the Dupre equation:
wa = Ya + Yb ~ Yab E q u a tio n  2.5
To calculate WA it is first necessary to estimate the interfacial free energy, yAB. Early 
attempts to determine yAB used the Berthelot relationship (Equation 2.6) which was 
developed for looking at the attractive constants between both similar and dissimilar 
molecules. However, this approach proved unsuccessful as it did not consider the different 
types of bond acting across an interface.
Yab = Ya + Yb -  Equation 2.6
Fowkes noted that for most systems the major contributions to bonding came from the
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dispersion and polar components. He re-wrote the Berthelot relationship by incorporating 
a geometric mean term to represent the polar and dispersion interactions across the 
interface. Thus, for two phases (A and B) in contact (with surface free energy values 
containing both dispersion and polar components) the net energy of phase A (EA) is given 
by:
EA -  Ya -  ^ y T y S  -  f t W *  E q u a tio n  2 1
and for phase B:
E B -  Y b -  \ Z y T y I  -  fiw *  E q u a t i o n  2-8
Therefore, the interfacial free energy change may be calculated as:
Yab -  Ya + Yb -  -  2 ^ T y S  EqU ati° n  1 3
Having determined the expression for the interfacial free energy, the work of adhesion (WA) 
can be calculated by substituting the yAB expression into the Dupre equation (Equation 2.5) 
to give:
wA = 2 + 2 / ^ 1  Equation 210
Under dry conditions, the work of adhesion is almost always positive in value indicating 
that the system is thermodynamically stable. This is encouraging as the majority of dry 
adhesive joints do not fail interfacially but more typically fail cohesively within the 
adhesive. However, in service, joints are subjected to a variety of different liquids with 
water being the most common. Attack by water accounts for a large number of adhesive 
joint failures and is discussed in further detail in section 2.7. The Dupre equation is 
modified easily to account for the presence of a third phase and can therefore be used to 
predict the stability of an adhesive joint in a hostile environment. The work of adhesion 
(WA) for a system (AB) in a liquid environment (L) is given by equation 2.11.
^ a (l) ~ Yal + Ybl ~~ Yab E q u a tio n  2.11
Where yAL = interfacial free energy of phase A-liquid interface (mJm'2)
yBL = interfacial free energy of phase B-liquid interface (mJnT2)
and Yab = interfacial free energy of phase A-phase B (mJm'2).
This can be re-written in the fuller form in terms of the dispersive and polar contributions
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as follows:
[~d d  /~t> p r d d r r  p rn d  r r  p '
Yl  " pA Y l  -  VYa Y l  " VYb Y l  " VYb Y l  + \ /Y a  Yb + V Y a  Yb
Equation 2.12
Such a calculation enables the thermodynamic work of adhesion to be calculated and hence 
allows the stability of an adhesive joint in a hostile environment to be predicted. The WA(L) 
value for a common epoxy system in water usually proves to be negative, however, despite 
this, such adhesive joints can operate for considerable times before failure. To predict the 
time to failure it is essential to consider the kinetics of the system and in the case of attack 
by water this tends to be governed by the diffusion of water to the interface. This will be 
addressed in the section on durability (Section 2.7.1).
2.3 Mechanisms of Adhesion
For an adhesive to perform well it must first attain intimate molecular contact with the 
substrate, this is achieved by wetting of the substrate and has been discussed in Section 2.1. 
Assuming such intimate contact exists, the next stage is the generation of intrinsic adhesion 
forces across the interface. These forces must be strong enough to withstand separation 
under applied loads, and determine the strength of the adhesive joint. The methods by 
which such bonds are formed are commonly referred to as the mechanisms of adhesion [2]. 
Several methods have been proposed to account for the intrinsic adhesion forces which act 
across an interface and four main theories have emerged from these suggestions. Until 
relatively recently workers strove to find "The mechanism of adhesion", believing that only 
one mechanism operated to explain the intrinsic attraction between adhesive and substrate. 
However, in more recent years it has emerged that the main factor affecting the attractive 
force is the attainment of molecular forces between substrate and adhesive and this theory 
is known as the adsorption theory. Despite its dominance as the main mechanism of 
adhesion, it is useful to review all four methods as each is thought to play a role in specific 
systems. The four theories proposed are:
(a) Mechanical interlocking
(b) Diffusion theory
(c) Electronic theory
(d) Adsorption theory [2].
WA(L) = 2
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2.3.1 Mechanical Interlocking
This theory suggests that mechanical keying of the adhesive into surface irregularities is 
the major source of intrinsic adhesion. This idea may hold for a few specialised situations 
but is generally regarded as not being a major cause of adhesion. One accepted example 
of mechanical interlocking is the use of mercury amalgam for filling tooth cavities. An 
undercut is made in the tooth resulting in an "ink bottle" pit, the amalgam is then forced 
into this cavity. There is little interaction between the tooth and the amalgam, it is the joint 
geometry that ensures the amalgam stays in place.
It is now understood that an adherend surface should be roughened prior to adhesion and 
it has been suggested that this leads to enhanced mechanical keying. However, examination 
of surfaces roughened by typical industrial pretreatment methods (eg grit blasting) reveals 
little evidence that cavities of suitable geometry to induce mechanical interlocking exist. 
It is more likely that the increase in interfacial path length and the removal of weak 
boundary layers (WBL's) causes the increase in adhesion.
For smaller scale roughness (ie, anodic anodising of aluminium), the adhesive (or primer) 
usually penetrates to virtually the bottom of the pores, creating a composite interfacial 
region. This region will have a modulus and strength intermediate between that of the 
adhesive and the metal oxide. This leads to increased joint strength and toughness. Work 
carried out by Arrowsmith [8] has also suggested that mechanical interlocking plays a role 
in the bonding of electroformed copper and nickel foils to glass cloth reinforced epoxy 
laminates. For copper, a surface is created which consists of dendrites formed on 3 pm high 
angle pyramids, and for nickel a club-headed nodular structure is produced. Thus if the 
epoxy can be processed so that this structure is achieved, then it is clear to see that 
mechanical interlocking is at least having an effect on joint strength and durability.
2.3.2 Diffusion Theory
This theory was developed for polymeric applications to account for the driving forces 
involved in autohesion (the intrinsic adhesion of polymers to themselves). The diffusion 
theory suggests that the interdiffusion of two interacting materials leads to adhesion 
between them. It is generally regarded that it is only applicable to the mutual diffusion of 
polymer molecules across the interface and it is required that the macromolecules (chain
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segments) of the polymer (both adhesive and substrate) possess sufficient mobility and are 
mutually soluble. Mutual solubility arises when both have a similar solubility parameter,5S. 
To use solubility parameters, it is important that both polymers are amorphous as any 
degree of crystallinity will make dissolution less likely because the free energy of 
crystallinity must also be overcome. Voyutskii argued that the functional dependence of 
joint strength on parameters such as time, temperature and polymer properties, was similar 
to that expected for a diffusion process [9]. He therefore suggested that adhesion is a result 
of diffusion. Vasenin continued to develop the theory with the introduction of quantitative 
models based on Fick's first law [10,11,12]. However, Fick's law is not really appropriate 
as it is only suitable for steady state diffusion processes. The diffusion theory has been 
criticised on many grounds, however, the most critical is that it is not universally applicable 
and Vasenin's model has been questioned as it does not consider any of the energy 
dissipative processes which result during mechanical testing. Further criticism has also been 
voiced by Anand [13] who questioned the driving force behind the increased joint strength 
which was observed following longer contact times or increased temperatures. Anand 
argued that such improvements could also be associated with improved wetting between 
the adhesive and substrate which would result in the formation of more secondary (van der 
Waals) bonds, therefore enhance performance.
In summary, for certain cases where solubility parameters permit, interdiffusion of polymer 
chains does occur and for autohesion of elastomers or solvent welding of compatible 
amorphous plastics, interdiffusion appears to contribute significantly to the intrinsic 
adhesion. However, where the solubility parameters of the materials are dissimilar, or one 
polymer is highly crosslinked, crystalline or below its Tg, then interdiffusion is an unlikely 
mechanism of adhesion.
2.3.3 Electronic Theory
The electronic theory of adhesion is also surrounded with much controversy, with Deryagin 
and Krotova being the main advocates [14,15]. This theory was proposed to explain why 
sparks could be seen when an adhesive tape was tom from a substrate in the dark. It is 
suggested that if two materials have different electronic band structures there is likely to 
be some electron transfer on contact to balance the Fermi levels. This gives rise to 
electrostatic forces from such contact or junction potentials which contribute significantly
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to intrinsic adhesion. This theory treats an adhesive joint as two plates of a parallel plate 
capacitor with its strength arising due to the formation of an electrical double layer at the 
interface. Experimental evidence has been produced by Deryagin and Krotova and a study 
of peel strengths at different gas pressures showed a dependence between strength and 
pressure except at very low pressures. This was proposed as confirmation of the electronic 
theory as at low pressures the mean free path of the ions increases which affects the electric 
discharge mechanism. Despite the results of Deryagin there is still much scepticism and the 
main question to arise is whether electrostatic forces are the primary cause or merely the 
result of good adhesion. It is generally believed today that there are very few unambiguous 
examples of the electric double layer being the prime reason for adhesion and is therefore 
of limited application.
2.3.4 Adsorption Theory
This is the most widely applicable theory of adhesion, and states that given sufficient 
interfacial molecular contact, materials will adhere due to interatomic and intermolecular 
forces which are established between atoms and molecules in the adhesive and substrate. 
A variety of bond types can occur, the most common being van der Waals forces 
(permanent dipole-dipole) which are referred to as secondary bonds by virtue of the 
magnitude of their bond energies. Hydrogen bonds can also be included in this category. 
Alternatively adhesive molecules may react chemically with the substrate and subsequently 
form chemical bonds across the interface. This is known as chemisorption and involves 
ionic, covalent or metallic interfacial bonds being established, such bonding is referred to 
as primary bonding. The terms primary and secondary bonding are an approximation to 
bond energy, primary bonds being of highest energy. A third category of bonds known as 
donor-acceptor bonds also exists and these typically have strengths between the other two 
groups. Of these, acid-base interactions are the most widely documented [16] and it is 
common to consider hydrogen bonding as a subset of this category as unlike dipole induced 
van der Waals bonds, hydrogen bonds have defined bond lengths and angles.
2.4 Types of bond
Table 2.1 lists bond types and typical bond energies and is included to clarify the 
distinction between different types of bonding and to gain an appreciation of their relative 
contribution to adhesive performance.
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Bond Type Bond Energy Equilibrium
(kJ mole'1) length (A)
Primary Bonds
Ionic 600-1100 2-4
Covalent 60-700 0.7-3
Metallic 110-350
Donor-Acceptor Bonds
Bronsted acid-fiase interactions Upto 1000
(ie upto a primary ionic bond)
Lewis acid-base interactions Upto 80
Hydrogen Bonds
including fluorine Upto 40 3
excluding fluorine 10-25 3
Secondary Bonds
van der Waals Bonds
Permanent dipole-dipole interactions 4-20 4
Dipole-induced dipole interactions < 2 4
Dispersion (London forces) 0.08-40 <10
Table 2.1 Bond types and typical bond energies (After Kinloch) [2], bond lengths from
[17]
Finally it has been suggested that in certain circumstances complex interfacial molecular
structures may be produced. The various types of interfacial interactions and their relevance 
to adhesion technology will be discussed in the following sections.
2.4.1 Secondary Forces
Huntsberger has calculated the attractive forces between two planar bulk phases solely due 
to dispersion forces from a surface energy approach [18]. It has been shown, that for a 
separation of lnm a joint strength in tension of approximately 100 MPa would result. This 
is much higher than shown experimentally and the deviation is due to air-filled voids, stress 
raisers, plastic deformation, defects etc at the interface. This calculation does however show 
that in theory, high joint strength may result from the intrinsic adhesion that arises solely 
from dispersion forces acting across the interface. Many workers have shown that 
secondary forces alone are sufficient to account for commonly measured joint strengths and 
most evidence suggests that primary bonding across the interface requires special 
techniques and is thus not common. Assuming that in a large proportion of cases, adhesion 
is due to van der Waals forces, then via quantitative assessment of interfacial bonds it is 
possible to estimate interfacial free energy (yAB) and thus calculate work of adhesion. Such
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calculations have been discussed in section 2.2.
2.4.2 Donor-Acceptor Interactions
Fowkes and co-workers have been responsible for the most significant contributions in the 
field of acid-base interactions. Acids are defined as either being an electron acceptor (a 
Lewis acid) or a proton donor (Bronsted acid), similarly, the base may be an electron donor 
(Lewis base) or a proton acceptor (Bronsted base). In systems where the adhesive and 
substrate have acid-base characteristics it is believed that such interactions represent a 
major type of intrinsic adhesion force which operates across the interface. To deduce the 
contributions acting across an interface resulting from such interactions, Fowkes and co­
workers used the expression developed by Drago et al [19] who proposed that the 
exothermic enthalpy of acid-base interactions AHab for a variety of Lewis acids in neutral 
solvents could be described in terms of E and C parameters by Equation 2.13. This 
equation was determined empirically as a mathematical solution required sixteen 
simultaneous equations with sixteen variables to be solved.
_ ^ H ab = C AC B + E aE b Equation 2.13
Where CA and EA = constants needed to characterise the acid (to relate to
the affinity of a species to undergo either electrostatic 
(EA) or covalent (CA) interactions ) 
and CB and EB = constants needed to characterise the base.
This approach has however been criticised by recent workers as no consideration is made 
regarding the change in entropy when mobile molecules become bound. Drago's early work 
referred to relatively short chain organic compounds, however, for adhesive systems, 
polymer chain lengths are normally considerably longer and hence conformational entropy 
changes on curing will be considerable. The "slight of hand" often used to relate energy 
to enthalpy, without considering entropy (ie assuming that TAS = 0), has been assessed by 
Vrbanac and Berg [20] and it is concluded that the reduction in entropy on adsorption 
should certainly be considered for this approach to be valid.
An alternative qualitative (at best "semi-quantitative") approach for Bronsted acid-base 
interactions was developed by Bolger [21]. Bolger defined a delta parameter which is
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simply the numeric difference between the isoelectric point (IEPS) of the inorganic surface 
and the acid ionisation constant of the organic (pKa) and is given by Equation 2.14 for 
organic acids (Aa) and Equation 2.15 for organic bases (AB). As both parameters are defined 
in pH units, Bolger's parameter is merely a ApH term which indicates the level of acid-base 
interaction between the two phases.
A a  = f f i P S s u r f  -  pKa (0I5!mic) Equation 2.14
A b  = PKa (organic) " ffiPSsnrf Equation 2.15
The magnitude of the delta parameter is represented in Figure 2.4 which shows three 
clearly defined regions [22]. When A is large and negative, acid-base interactions are weak 
or negligible and interfacial forces are essentially of the van der Waals type. At A=0, acid- 
base forces are similar in magnitude to van der Waals forces. If the delta parameter is large 
and positive there is a strong ionic component to any hydrogen bonds and acid-base forces 
may be sufficiently large to cause chemical attack of the substrate and subsequently reduce 
adhesive performance.
• REGION I REGION I I REGION I I I
TOTAL _ 
FORCES
A C I D - B A S E
FORCES
LONDON
FORCES
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Figure 2.4 Relationship between the delta parameter and the nature of bonding, after 
Watts [22].
2.4.3 Prim ary Bonding
Adhesion of an organic material to an inorganic substrate relies on secondary bonding to 
provide the intrinsic adhesive strength in the vast majority of cases. This statement was 
widely accepted until about a decade ago when it became clear that interfacial reactions 
may involve the formation of very specific bonds (with their own bond angles and 
distances) with the substrate. As discussed previously, acid-base interactions (including 
hydrogen bonds) are one important member of this category, the other is the primary bond. 
Primary bonds are defined as bonds which are exclusively responsible for the bonding in
17
Chapter 2: The Interaction Between Adhesives and M etal Oxide Surfaces.
a solid and usually result in compound formation at the interface, ie the creation of an 
interphase. ##It is important to distinguish here the difference between an interface, which 
is classically considered to be two dimensional (ie infinitely thin; a plane at the junction 
between two phases) and an interphase which is a three dimensional region formed by the 
production of a compound. The formation of an interphase has an important effect on the 
mechanical properties of a metal/polymer system. For a two dimensional interface there are 
abrupt changes in stress distribution across the bond, however, for the three dimensional 
interphase region, stress levels change gradually across the region thus improving the load 
bearing properties of the joint.##
There are three types of primary bond (Table 2.1), these are ionic, covalent and metallic, 
however, the latter is of little importance to systems concerned with polymer/metal 
interfaces. There are relatively few examples of interfacial primary bonding in the literature, 
however, several well documented studies do exist in the fields of organic coatings on 
metal surfaces and adhesion promoters.
2.4.3.1 Organic Coatings
Interfacial covalent bonds have been reported by a number of workers [23,24,25,26] for 
systems where crosslinking elastomers bond to reactive substrates. Similarly, Klein et al 
found evidence of covalent primary bond formation between a polyurethane adhesive and 
epoxy based primers using infrared spectroscopy [27]. Interfacial primary bonds which are 
highly ionic in character have been identified between polymers and metal oxides [28] and 
a possible reaction scheme depicted in Figure 2.5 was proposed for bonding between 
poly(acrylic acid) and zinc oxide, based on infra red (IR) data.
c
V''- Zinc oxide Zinc ox ide
Figure 2.5 Possible reaction scheme for a poly (acrylic acid)bonding to a zinc oxide 
surface, after Sugama [28].
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The most widely investigated organic coating system is polybutadiene [29] and it has been 
shown using surface analytical techniques (X-ray Photoelectron Spectroscopy, XPS) that 
a chemical reaction occurs between substrate and polymer resulting in the formation of an 
interphase [30]. This is shown schematically in Figure 2.6.
po!yfcutadien« coating
interphase zone 
oxide
Figure 2.6 Schematic representation of the interaction between a polybutadiene coating 
and a mild steel surface, after Watts [30].
Polybutadiene, on curing (by an oxidative mechanism) reduces iron oxide (Fem) on the steel 
substrate surface Fe11 and results in the formation of an interphase region of iron 
carboxylate (FenCOOR). This work clearly shows the importance of surface specific 
techniques in adhesion studies as XPS has enabled the type of bonding to be deduced and 
the formation of an interphase region to be identified.
2.4.3.2 Adhesion Promoters
The term adhesion promoter, or coupling agent, has been used to describe a large range of 
usually organic molecules applied to enhance adhesion strength, or more commonly to 
increase the environmental resistance of the interface to attack by moisture. Various types 
of adhesion promoter have been studied, however, by far the most common type are the 
silane based primers which have the structure X3Si(CH2)nY, where n = 0 to 3, X is a 
hydrolysable group on silicon and Y is organofunctional group which is usually selected 
to react with a given adhesive. Silane molecules are adsorbed onto the substrate surface, 
where it is thought that they form primary bonds. The organofunctional group reacts with 
the adhesive and a network structure forms producing an interphase. Silane adhesion 
promoters are surrounded by much controversy, although their benefits to adhesive
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durability are now well established; they will be discussed in more detail in Section 2.6.2.
2.5 Molecular Adsorption at Surfaces
The adsorption of species (from the adhesive or pre-treatment) onto a solid is a pre­
requisite for good adhesion. Adsorption can occur in two main ways, either as a physical 
interaction (physisorption) or as a chemical interaction (chemisorption) and the type 
obtained will affect the thickness and the mechanical properties of the deposit. Equilibrium 
is reached very quickly for physisorption and is reversible with the adsorbate being 
removed by reducing the pressure. This type of adsorption occurs as a result of relatively 
non-specific intermolecular (van der Waals) forces and has a fairly low heat of adsorption. 
Chemisorption is distinguishable, qualitatively, from physical adsorption (< -25kJ m ol1) 
as it has both higher chemical specificity and energy of adsorption (> -40kJ mol'1). 
Chemisorbed species may be difficult to remove and so doing may result in chemical 
changes [31].
2.5.1 Adsorption Isotherms
The form of adsorption obtained for a particular system can be determined via the use of 
an adsorption isotherm. Conventionally, the nature of adsorption has been studied via the 
depletion from a bulk gas or solution at a constant temperature and the reduced pressure 
is plotted against the concentration of the sorbate to produce an adsorption isotherm. For 
almost a century now, adsorption isotherms have been determined for a range of 
gases/liquids and substrates and results indicate that within this large field of data, several 
classic types of isotherm can be identified. It is not intended to give a fully comprehensive 
description of all the different types here, but to discuss two different isotherms, namely 
the Langmuir and Temkin isotherms.
2.5.1.1 Langmuir Adsorption
Langmuir adsorption assumes that every bonding site is equivalent and that the ability of 
a particle to bond there is independent of the occupation of nearby sites. In the simple case 
of Langmuir adsorption it is also assumed that the rate for adsorption equals that
for desorption. Detailed descriptions of the mathematics involved are given in a number of 
standard texts [31,32]. It is sufficient to say that the rate of change of surface coverage due 
to adsorption is proportional to the pressure of the adsorbate (P) and the number of vacant
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sites, N(l-0), where N is the total number of sites and 0 is the fractional coverage. At 
equilibrium (derived from kinetic experiments) the fractional coverage is given by:
v p
0 =   Equation 2.16
1 + KP
where 0 = fractional coverage
K . = A (const) exp(q/RT) where q is the heat of adsorption 
and P = pressure of adsorbate.
Alternatively 0 can be replaced by n/nm where denotes the number of moles per gram 
adsorbed at the monolayer point. This then gives rise to the following expression (Equation 
2.17) which can also be re-written in a straight line from as Equation 2.18.
n  = npl^ > Equation 2.17
1 + KP
P I P— = -------  + —  Equation 2.18
n **
Therefore, for simple Langmuir adsorption, a plot of P/n versus P will give a straight line, 
and the two constants nm and K can be determined from the gradient and the y-axis 
intercept respectively.
The simple Langmuir equation is often not obeyed in chemisorption as complications arise 
requiring specialised forms of the equation to be formed. Such complications involve the 
need for treating surface heterogeneity and lateral interactions, the dependence on two 
adjacent sites being vacant for adsorption to occur and the possibility of dissociation 
occurring on adsorption.
2.5.1.2 Temkin Adsorption
Here, it is suggested that sites on the adsorbate are not equal and that the energetically 
most favourable sites are occupied first. This means that the enthalpy of adsorption 
becomes less negative as the fractional coverage (0) increases. The general equation for 
Temkin adsorption is given as:
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0 = K ln(C2 P) Equation 2.19
where 0 = fractional coverage
K = constant 1
C2 = constant 2
and P = pressure of adsorbate
To check whether Temkin adsorption occurs, a plot of coverage versus the natural log of 
the adsorbate pressure is plotted and will give a straight line if the equation is obeyed.
Adsorption isotherms have been formed by a number of workers using surface analytical 
techniques. The adsorption of ethoxysilanes on iron was studied by Bailey and Castle [33] 
using XPS and standard gas phase isotherms. This is possible as the measurements made 
using XPS refer to true adsorption and not apparent adsorption as is usually measured in 
adsorption from solution (ie depletion in solution concentration). They showed that 
adsorption followed Temkin behaviour and that the data obtained could not be fitted 
satisfactorily using other forms of isotherm. Adsorption isotherms have also been utilised 
to determine the acidity of carbon fibre surfaces [34]. Here labelling ions enabled 
adsorption to be distinguished as chemisorption following the Langmuir isotherm and also 
allowed the monolayer coverage and heat of adsorption to be determined. The use of XPS 
to determine surface coverages has been reviewed by Fulghum and Linton [35]. They 
studied the adsorption of fluoride ions onto surfaces and used an ion selective electrode to 
compare the concentration of fluoride remaining in solution to the surface uptake measured 
via XPS. They concluded that if the substrate and adsorbate photopeaks were close together 
on the binding energy scale then various quantitative models provided reasonable results. 
However, if the binding energies varied by a large amount, only a three layer exponential 
attenuation model considering adventitious carbon resulted in agreement with the selective 
electrode based calculations.
More recently, adsorption isotherms have been determined for polymeric systems using 
time of flight Secondary Ion Mass Spectrometry (ToF-SIMS). Abel et al [36] used ToF- 
SIMS to study adsorption of polymethylmethacrylate (PMMA) onto modified polypyrrole 
films and found excellent agreement with Langmuir adsorption. This route enabled them
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to quantitatively compare the polymer-substrate interactions of PMMA from different 
solvents by determining the adsorption equilibrium constant. The high sensitivity and 
molecular specificity offered by SIMS makes this a very useful technique for determining 
adsorption isotherms despite the relative complexity involved with quantification.
Adsorption isotherms can offer considerable information of interest to the field of adhesion 
science. It is possible to determine the nature of the bonding site (ie whether bonding 
occurs at equivalent sites) and to determine the onset of monolayer coverage. If studies are 
performed at a number of temperatures it is also possible to determine the heat of 
adsorption from Equation 2.16 for the case of Langmuir adsorption.
2.5.2 Molecular Alignment
In addition to the nature of adsorption, it is also important to study the orientation of 
organic molecules adsorbed at the surface as this will greatly effect the bonding which can 
occur. Surface analysis in various guises has been used and techniques such as angle 
resolved XPS have enabled workers to the determine molecular orientation of surface 
phases. This is normally achieved by performing high resolution XPS at a number of 
different take off angles. The peaks of interest (usually either the carbon Is and/or oxygen 
Is spectra) are subsequently peak fitted for species with different chemical state (bonding 
characteristics) ie C-O, C=0, C-C etc. In addition to these common peak shifts, features 
such as the % -»  it shake up satellite associated with aromatic groups can also be used to 
gain information regarding molecular alignment. Angle resolved XPS has been utilised by 
Watts et al [37] in conjunction with a computer routine to re-create a chemical state depth 
profile from the XPS data. This enabled the orientation of molecules at the locus of failure 
of a cathodically delaminated epoxy coating to be determined and showed that failure 
occurred adjacent to the epoxy group of the bisphenol A epoxy coating. Other workers have 
used high resolution XPS in association with ToF-SIMS to determine the presence of a very 
thin overlayer on a failed adhesive joint [38]. The presence of a % —> %* structure in the Cls 
region indicated that the overlayer contained aromatic groups and this information enabled 
the overlayer to be identified as a minor adhesive component. Computer modelling was 
then utilised to determine the preferred orientation of this phase (by use of a docking option 
within Sybyl software). The height of the adsorbed molecule was consistent with the 
overlayer thickness calculated by XPS and confirmed the use of molecular modelling as a
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route for determining molecular orientation. This study emphasised the numerous 
possibilities offered by computer chemistry techniques and several workers use such 
techniques to study adsorption for a range of systems. The use of computational chemistry 
techniques will be discussed further in the experimental techniques section as they have 
been used in this study to determine the orientation of organic adhesion promoters at solid 
surfaces.
2.6 Surface Pre-treatments
Two main approaches exist regarding the pre-treatment of surfaces to enhance adhesion 
performance. As discussed in section 2.1 the need for wetting is essential for good 
adhesion, the low surface free energy of some materials (usually polymers) prevents such 
wetting and hence reduces joint performance. The first type of pre-treatment is associated 
with increasing the surface free energy of materials by techniques such as chemical or 
plasma etching and corona discharge. These methods work by increasing the number of 
active groups on the substrate surface which consequently result in increased bonding. A 
wide range of such techniques exist and much has been written in the literature regarding 
adhesion to low energy surfaces. However, in this study high energy metal oxide surfaces 
have been utilised hence discussion will be limited to pre-treatments relevant to such 
surfaces.
2.6.1 High Energy Surfaces
Most metals, metal oxides and ceramics have surface free energies typically greater than 
about 500 mJm'2 [2] and as such are wetted readily giving a high level of intimate contact 
with the adhesive. Such high energy surfaces will also give rise to strong interfacial 
secondary force interactions and as such should result in excellent adhesion performance. 
However, this is not always the case as several factors often result in weak boundary layers 
(WBL) existing on the substrate surface which result in adhesion loss. The formation of 
WBL's is governed by the following factors:
(a) Commercial materials are usually not very clean as they are covered with a 
protective layer of grease or oil and very often with mill scale and corrosion 
products. Segregated layers such as magnesium oxide on aluminium or 
manganese oxide on iron can also often exist at metal surfaces and lead to 
a reduction in adhesion. Although many adhesives today are designed to
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accommodate some oil at the surface either by dissolving or displacing it, 
it is important to match the oil with the adhesive and to ensure that it is 
present in fairly low concentrations. Such surface layers often result in the 
formation of a WBL.
(b) A clean high energy surface will adsorb air-borne contamination very 
quickly. If such an adsorbed layer is not displaced by the adhesive, then 
adhesion performance will be reduced.
(c) Some metals (notably copper and magnesium) and their oxides have surfaces 
which are very unreceptive to the adhesive (ie poor wetting occurs) and are 
mechanically weak. In such cases a chemical etch and/or primer treatment 
is necessary to ensure adequate joint strength.
In technological applications such WBL's are usually removed by solvent degreasing and/or 
mechanical abrasion and high joint strengths can be obtained without any special pre­
treatment. The source of surface contamination and its effect on adhesion have been 
addressed by Davis [39]. He concluded that a successful approach to reduce contamination 
effects involves four stages. Identification of the contamination and its source, establishing 
the level of contamination which results in bond degradation, development of a plan to 
reduce the contamination and then subsequent verification of substrate cleanliness prior to 
bonding. Although high initial joint strengths can be obtained without pre-treatments, 
chemical pre-treatments are often employed on high energy surfaces to improve the 
durability of the bond and ensure an adequate service life under a hostile environment. The 
effect of hostile environments (water) will be discussed in the section on durability (Section 
2.7). This section will be limited to discussion of a few of the many surface pre-treatments 
available today.
Much interest has been focused on the bonding of aluminium and aluminium alloys as they 
are heavily utilised in the aerospace industry where weight saving is essential. For 
aluminium, several methods to improve durability have been proposed, three of which are 
chromic acid etch (CAE*), chromic acid anodise (CAA) and phosphoric acid anodise 
(PAA). No attempt will be made to describe these techniques in great detail and the reader 
is referred elsewhere [40] for complete details of the actual processes, however the basics 
of the pre-treatments will be discussed here:
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(a) Chromic acid etch (CAE*). Foliowiag degreasing, the substrate is etched in 
chromic acid for 15 minutes at 60 to 68°C.
(b) Chromic acid anodising (CAA). The above process is carried out and the 
substrate is then subsequently anodised in a chromic acid solution at 40°C.
(c) Phosphoric acid anodising (PAA). The above chromic acid etch is 
undertaken and the substrate is then anodised in an aqueous solution 
containing orthophosphoric acid.
The substrates are then washed in running water and dried using hot air. The structures 
obtained by such pre-treatments have been studied using extended resolution scanning 
electron microscopy (XSEM) by Venables [41] and an example for PAA treated aluminium 
is given in Figure 2.7.
-10 nm
- 4 0 0 nm-100 nm
-4 0  nm
Oxide
Figure 2.7 Isomeric drawing of the oxide morphology on a PAA treated aluminium 
surface, after Venables [41].
Such pre-treatments produce a very cellular surface finish and hence help to promote a 
micro composite region resulting from a mechanical interphase with the adhesive. The 
interfacial path length is also greatly increased and this will reduce the rate of water ingress 
along the interface and hence also improve durability. The effectiveness of such treatments 
from Boeing wedge tests for an epoxy/aluminium system is illustrated in Figure 2.8 [2],
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Figure 2.8 The effect of surface pre-treatment on the durability of aluminium 
alloy/toughened epoxy joints after soaking in water @50°C [2].
However, such approaches still produce an oxide surface which is not stable in the presence 
of water and Venables [41] has suggested that failure can be ascribed to hydration of the 
aluminium oxide produced during the pre-treatment (CAE*). Hydrated oxide is mechanically 
weak and can therefore lead to premature failure through the oxide layer after exposure to 
hostile environments. Such ideas led to the development of hydration inhibitors based upon 
phosphonic acid derivatives. These inhibitors, especially when applied in monolayers, are 
very effective at increasing oxide stability and subsequent joint durability on CAE pre­
treated aluminium surfaces. Many treatments are used to improve durability, phosphating 
has been used since the beginning of the century and reduces the corrosion of the substrate 
by providing a mechanical layer against aggressive species. The use of phosphating as a 
pre-treatment for steel can however lead to problems if applied in too thick a layer, as such 
surfaces are known to fracture prematurely under load. Due to this, phosphating is used on 
steel as a pre-treatment for coatings but not for adhesive bonds.
The nature of the surface oxide and treatments to modify it have been the subject of much 
research. The interfacial chemistry of corrosion induced bond degradation has been studied 
by Dickie et al for both cold rolled and galvanised steels [42]. They used surface analytical 
techniques to determine that failure occurred in a layer of corrosion products beneath a
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layer of the original, displaced surface contaminants for cold rolled steels and through a 
layer of zinc corrosion products for the galvanised steels.
Work by Cayless [43] on an epoxy-steel system indicated the cohesive failure of dry joints 
with about 3nm of epoxy remaining on the adherend surface, however after water 
immersion, joints failed adhesively with some indication of failure within the iron oxide 
layer. Pre-dipping the steel adherends in water resulted in an increase in the oxide thickness 
and an increase in initial bond strength but a reduction after aqueous exposure. The use of 
a silane coupling agent prior to bond assembly improved bond strengths in both situations. 
After water immersion, the locus of failure was adhesive between the steel adherend and 
the silane layer [44]. Failure was ascribed to the disruption of interfacial bonding by 
substrate hydrolysis. Attempts were made to increase oxide stability by treatments utilising 
paint film pigments (additions of chromium and aluminium into the metal oxide surface) 
to modify the surface iron oxide to a depth of a few nanometres. Other treatments using 
rare earths, such as yttrium, were also investigated by Cayless and Hazell [45] and results 
for lap joints produced using the combined application of a modified surface oxide and a 
silane coupling agent indicated significant increases in the strengths of both initial and 
water immersed joints, Figure 2.9.
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Figure 2.9 The effect of surface pre-treatment on the durability of mild steel/epoxy 
joints after soaking in water @50°C [46].
28
Chapter 2: The Interaction Between Adhesives and M etal Oxide Surfaces.
The thin layer approach adopted by Cayless et al differs from more conventional steel 
surface treatments such as phosphating which can result in the production of a form of 
weak boundary layer. It also benefits from using very small quantities of the pre-treatment 
as thin layers are deposited from weak (~10'4M) solutions and may provide an alternative 
to the less environmentally desirable pre-treatments which include chromates and 
phosphates.
2.6.2 Silane Adhesion Promoters
Silane adhesion promoters, often referred to as coupling agents, can loosely be described 
as "materials which improve the chemical resistance, especially to water, of the interfacial 
bond". The need for improved interfacial properties arose in the 1940's when glass fibres 
were first used as a reinforcement for organic resins. This driving force led to the rapid 
development of many silane variants and in 1962 Plueddemann et al evaluated over one 
hundred silanes as coupling agents [47]. Silane adhesion promoters (coupling agents) have 
always achieved much interest and a multitude of books and papers have been published 
regarding the subject. One excellent review book is that of Plueddemann [48] which 
discusses many aspects of silanes in great detail. Organo functional silanes are essentially 
small molecules which have one end specific to the substrate and the other to the adhesive. 
The standard notation given a silane coupling agent is (X)3Si-R-Y, where, Y is an 
organofunctional group which is chosen for compatibility with the adhesive and X is a 
hydrolysable group such as an ethoxy. This is shown schematically in Figure 2.10(a), 
compared to a commercially available silane (y-glycidoxypropyltrimethoxysilane (GPS)) 
in Figure 2.10(b). x
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Figure 2.10 Schematic of (a) an organofunctional silane
(b) y-glycidoxypropyltrimethoxysilane (GPS).
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It is possible to use silane coupling agents in two main ways, either from aqueous solutions 
or from non-aqueous solvents (which may contain a very small amount of water). From 
aqueous solutions the silane hydrolyses and forms silanol groups (Si-OH) prior to 
deposition and the hydrolysable groups are considered as intermediates in the formation of 
silanol groups for bonding to mineral surfaces. The rate of hydrolysis in aqueous solutions 
has been shown to be pH dependant [49], NMR spectra of dilute aqueous solutions of y- 
glycidoxypropyltrimethoxysilane (GPS) show no significant concentration of intermediate 
methoxysilanols, but only the fully hydrolysed silane triol and its condensed siloxane 
oligomer. It has been suggested that the second and third alkoxy groups hydrolyse faster 
than the first. The silane triol concentration can be monitored by laser Raman spectroscopy 
and work has indicated that very dilute aqueous solutions remain as silane triols, but there 
is a limiting concentration at which the triols form aggregated monomers through hydrogen 
bonding. Clear aqueous solutions of hydrolysed silanes become hazy on standing due to the 
formation of oligomeric siloxanols and may eventually separate as oily droplets. The 
stability of silane solutions has been studied by monitoring the time taken for a solution 
to haze and in practical applications, the silane solution has lost its usefulness at the point 
of haze formation [50],
The deposition of silane molecules from non-aqueous solvents is very complex, one 
suggested mechanism is as follows. Real surfaces are covered with water due to strong 
hydrogen bonding between water and surface hydroxyl groups on mineral surfaces. 
Alkoxysilanes are capable of reacting with this surface moisture to generate silanol groups 
on the primer (ie the silane is hydrolysing using the surface water). These silanol groups 
can form strong hydrogen bonds with the hydroxylated surface, however, they are also 
capable of reacting with the surface hydroxyl groups to form covalent oxane bonds with 
the mineral surface (ie Fe-O-Si in the case of iron).
The adsorption of silane molecules is known to be affected by acid-base properties, this 
enables their adsorption to be tailored depending upon the relative acid-base properties of 
the silane ends and the substrate. Such an approach also established that simple electrostatic 
attractions of coupling agent silanols for hydrated oxide surfaces cannot be a major factor 
in bonding across the interface. It has been shown that silane triols of neutral 
organofunctional silanes, RSi(OH)3, have maximum stability in water at pH 2-4. This
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suggests that organofunctional silanols have an isoelectric point of about 3. If electrostatic 
forces determined the orientation of the silane molecule then it would be expected that they 
would adsorb more readily onto basic surfaces and hence give greater performance. This 
has been shown not to be the case and such silanols have been found to be more effective 
on acidic oxide surfaces rather than basic ones [51]. In addition to electrostatic attraction 
and repulsion, coupling agent silanols may also react with hydrolysed surfaces through 
hydrogen-bonding and through covalent oxane bonds.   - —
The mechanism by which silane adhesion promoters work has been the subject of much 
debate over the last few decades and a chemical bonding theory has been the favourite 
hypothesis for explaining their action. It is generally accepted that strong primary interfacial 
bonds are formed which are mainly covalent in nature but have some ionic character due 
to the different electronegativities of the atoms forming the primary bonds. For the silane- 
substrate interface such bonds arise from the formation of Si-O-substrate bonds. For the 
adhesive-silane interface this may arise from the reaction between the organofunctional (Y) 
group on the silane and reactive groups within the adhesive. It is also likely that at this 
interface some form of interpenetrating network will form to give an interphase region. This 
is shown schematically in Figure 2.11 for y-aminopropyltriethoxysilane on a silica surface
[52],
CH. CH.
CH CHNH
NH.
HO
Silica surface
Figure 2.11 The structure and interfacial bonding of y-aminopropyltriethoxysilane (APS) 
on a silica substrate, after Chiang [52].
Other mechanisms have been suggested to explain how silanes operate and include the idea 
that they result in better wetting at the interfaces and that they displace surface
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contamination to enable true intimate contact to be achieved. This has been confirmed by 
a surface analytical technique (XPS) for a system of polystyrene adhering to steel surfaces 
with an amino silane primer. The improvement in adhesion was shown to be due to the 
silane displacing the 1.4nm thick layer of residual carbonaceous contamination on the steel 
surface [44],
The surface chemistry of silanes at the interface has been-studied by many workers using 
surface analytical techniques. Gettings and Kinloch used early "static" secondary ion mass 
spectrometry (SSIMS) to investigate the nature of interfacial bonding between a 1 vol% 
aqueous solution of y-glycidoxypropyltrimethoxysilane (GPS) adsorbed onto a mild steel 
surface [53] (Figure 2.12). It is not clear whether "true static conditions" were employed 
as the primary ion dose is not given in the publication.
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Figure 2.12 Positive and Negative SSIMS spectrum from a mild steel sample covered 
with a silane containing primer. Note the presence of the m/z 100+ peak
[53].
Results indicated the presence of Si02H‘, SiOH' and Si02' fragments which were assigned 
to a polysiloxane structure which arises from the silane primer polymerising on the metal 
substrate. The presence of a m/z 100+ peak was also of great interest and this has been 
assigned as Fe-O-Si and gives strong evidence for the formation of a chemical bond
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between the metal oxide and die siloxane primer. This fragment was not always detected 
and it was found that the environmental resistance of structural adhesive joints employing 
various silane-based primers, could be directly related to the presence or absence of this 
radical. This is technologically very important as it shows a direct relationship between 
joint durability and the presence of the m/z 100+ peak assigned as Fe-O-Si from a primary 
bond. SIMS results are often under great scrutiny as the process can also produce mass 
fragments in the ionisation process due to recombination, however, this link between 
performance and the m/z 100+ fragment gives weight to the argument that this is a valid 
interpretation of the results. Other workers have also shown the presence of a m/z 100+ 
peak in different systems using SIMS. Work performed by Cayless and Perry using an 
aminosilane from an organic solvent (toluene) on a mild steel surface [44] also showed the 
presence of a m/z 100+ peak and this was similarly assigned as Fe-O-Si. This is a 
particularly important result as it demonstrates that chemical bonding between the silane 
and the substrate can occur in the absence of bulk water and has significant bearing when 
considering silanes which are added to adhesives or coatings as opposed to being applied 
from solution.
Results from such studies have enabled the reaction mechanism shown in Figure 2.13 to 
be proposed [2],
Hydroxylated metal surface Metal surface
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Figure 2.13 Proposed schematic diagram of the mechanism of adhesion for epoxy 
adhesive/GPS/ferric oxide interfaces [2],
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The thickness of a silane adsorbed on a mineral surface is affected by a large number of 
variables including the nature of the organofunctional group on silicon, the availability of 
water, pH and age of the solution, topography of the surface and the presence or absence 
of a particular catalyst. Ellipsometry measurements of silane deposits from aqueous 
solutions on mineral surfaces indicate that they do not deposit as simple monomolecular 
films of silanols but as polymeric siloxane films. Such films of an aminofunctional silane 
on glass from O.l to 5.0% aqueous solutions were found to be 5-2Qnm thick whereas 
monomolecular f i lm s would be 0.5-1.0nm thick [54]. Silane film thickness has more 
recently been determined using XPS by Pantano and Wittberg [55]. They showed that for 
GPS in aqueous solutions on E-glass fibres, silanes were adsorbed in their hydrolysed state 
and the thickness of the adsorbed layers was in the range of 1.5-3.0nm. These
thicknesses were found to correlate with the length of the organic functional group in each 
silane. A nearer approach to monolayer coverage is obtained when a mineral surface is 
treated with a dilute solution of an organofunctional silane in an anhydrous organic solvent 
such as toluene.
The orientation of silane molecules at the surface is of great importance as the formation 
of primary bonds relies on the active groups orientating at the surface in the correct 
fashion. This has led to silane orientation being studied by a number of workers using 
surface analytical techniques. Auger electron spectroscopy (AES) was used by Cain and 
Sacher [56] to study the molecular orientation of aminopropyltriethoxysilanes from aqueous 
solutions towards silica. They used argon ion etching (AIE) together with AES to profile 
through a silane layer and argued that an increased nitrogen signal both at the surface and 
the interface indicated that the amine group was oriented towards the silica and to the air 
in multimolecular layers on silica. However, great care must be taken when interpreting 
such results as damage effects from the primary electron beam and the argon ion beam 
would be considerable as operation is not possible in the "static mode" as for SSIMS. 
Leung et al used angle resolved XPS (ARXPS) and biased XPS to study the interface 
between GPS and aluminium surfaces [57]. They applied a negative biased potential to the 
sample with a thin deposit of GPS and this revealed an extra peak in the A12p spectrum 
which was tentatively assigned to the effect of Al-O-Si formation. The angular dependent 
studies showed that the C-O/Si and the C-O/C-C ratio increases with take off angle 
(measured relative to the sample surface), while C-C/Si was essentially constant. They
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interpreted this to indicate that the epoxide ends are preferentially oriented upwards at the 
surface. A wide range of studies have also been performed using SIMS and van Ooij and 
Sabata [58] used SIMS to study the structure and orientation of aminosilane films from 
aqueous solutions on metals. They concluded that the orientation of the silane molecule was 
dependent upon the pH of the solution. The thin silane films (~2nm) produced are known 
to deposit as a result of acid-base interactions. The metal surface will become more acidic 
when exposed to a low pH solution (lower than its IEPS which is 12.0 for Fe2+ and 8.5 for 
Fe3+), this will result in the basic amino groups of the silane orientating towards the metal 
oxide surface when deposited from a solution of pH 8.0. At a pH of 10.4, the iron will 
become relatively basic and hence the acidic silanol groups will now adsorb strongly to the 
metal surface and the amino groups will orient away from the surface. ToF-SIMS was used 
to identify these changes by monitoring the intensity of the amino and silanol ends for 
different deposition conditions. They also concluded that the orientation of aminosilane 
molecules on cold rolled steel was different to that on cold rolled zinc and that on zinc, 
adsorption occurred via both the silanol groups and the amine groups. This may explain the 
poor performance of silane films which is frequently observed on zinc.
The orientation of silane molecules at the substrate surface is therefore of great importance 
and must be fully understood to optimise the performance of a given system. Surface 
analytical techniques offer an essential ability to be able to identify directly the orientation 
of such molecules. An alternative approach uses computer modelling techniques which have 
recently become powerful enough to enable such interactions to be assessed on 
commercially available software. Although at present an idealised system must be modelled 
(ie adsorption from a vacuum as oppose to a solution) such techniques offer great potential 
and have been utilised in this work. At present there is little literature on the adsorption of 
silanes using molecular modelling as its introduction to the adhesion community is a 
relatively new event. However, a brief review of the technique will be given in Chapter 3.
2.7 Durability of Adhesive Joints/ Effect of a Hostile Environment
Despite recent advances in structural adhesive bonding, bond durability remains a subject 
of great concern and the detrimental effect of hostile environments on adhesive bond 
performance has been understood for some years [59]. Water is known to give the greatest 
problems in the stability of adhesive joints and many workers have shown the reduction in
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properties due to its ingress. Its deleterious effects are compounded by its widespread 
occurrence and the hydrophillic nature of many adhesives and adherends [60], The 
thermodynamic stability of adhesive joints can be calculated and this enables us to predict 
the likelihood of failure [61]. However, a thermodynamically unstable system may prove 
resilient to failure for a number of years and kinetic data is also needed to enable the rate 
of failure to be predicted. To predict the behaviour of adhesive bonds in hostile 
environments it is therefore necessary to consider such factors as the penetration of water 
into the joints (diffusion), the stability of the substrate and adhesive to reaction with the 
liquid, interfacial stability due to cathodic delamination, plasticisation of the adhesive and 
the effects of stress [62]. Three of the main causes of failure will be discussed here; ie 
substrate stability, adhesive stability and the interfacial stability. Water ingress into the joint 
is the common factor behind all three proposed failure modes, therefore diffusion of water 
into adhesive joints will be reviewed first. For further information regarding environmental 
attack the reader is referred to the succinct reviews by Comyn [60].
2.7.1 Diffusion of Water in an Adhesive
The process of diffusion has been studied for many years and several comprehensive texts 
have been written addressing the mathematics governing diffusion [63]. It is not the 
intention to review the basics of diffusion here, it will be sufficient to introduce Fick's 
Laws of diffusion and discuss its use within the adhesion community to predict adhesive 
failure. If water enters a joint by diffusion it is possible to calculate the water distribution 
using standard equations [63]. The amount of a substance diffusing in the x-direction across 
a plane of unit area in unit time (the flux, Fx) is related to the concentration gradient 8c/Sx 
by Fick's first law:
Fx = -D  5c/8x Equation 2.20
This only applies to steady state diffusion, where concentrations at points within the system 
do not vary with time, this is clearly not the case for the uptake of water. Fick's second law 
gives us the build up or decay of a diffusing species in a small volume. This can be written 
in various forms depending upon boundary conditions. A solution appropriate to adhesion 
problems is given in Equation 2.21 for one-dimensional diffusion into a system of a semi­
infinite film of thickness 21 in an infinite bath.
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Where
t
D
x
21
Ct
film thickness (m)
depth from the layers boundary (given 0 > x > 1) (m) 
time (s)
concentration of water at time t (wt%) 
equilibrium water concentration (wt%) 
diffusion coefficient (m V1)
This assumes that the initial concentration of water in the layer is zero and that equilibrium 
between the bath and the surface of the film is established instantaneously on immersion.
If the diffusion coefficient of water in the adhesive at the relevant temperature is known, 
this equation can be used to determine water concentration profiles within a joint overlap. 
The diffusion coefficient can be determined from gravimetric measurements [60,64,65] and 
various workers have used Fickian diffusion to study water diffusion into adhesive joints.
Gledhill et al [64] used this model as the basis for a computer program to solve for 
concentration in a joint at a given time. They used a simple epoxy adhesive with mild steel 
substrates and found good agreement between predictions from the model and experimental 
measurements. Thermodynamic work of adhesion calculations predict that such a system 
will be unstable in the presence of water [66], hence as water progressively diffuses into 
the joint, the proportion of interfacial failure increases and the subsequent joint strength 
decreases. This was observed in their work. An interesting result observed by Gledhill et 
al [64] came from samples which had been stored in a 55% relative humidity (RH) prior 
to testing as these joints suffered no reduction in strength. They concluded that "there must 
be a critical level of water concentration in the adhesive layer, below which environmental 
attack is precluded".
The approaches considered above consider bulk diffusion through the adhesive and rely on 
bulk diffusion coefficients in their calculations. However, there is much debate as to the
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actual route of water penetration and much evidence exists suggesting enhanced diffusion 
either at the interface/interphase or at anomalous regions within the adhesive such as pores 
or sections of low cross link density. A recent study by Zanni-Deffarges and Shanahan [67] 
suggests that the diffusion coefficient is higher in bonded joints than in bulk polymer. This 
is ascribed to an effect which they termed "capillary diffusion" and is thought to occur at 
the metal (oxide)-polymer interface due to an interfacial tension between the wet adhesive, 
dry adhesive and metal oxide. This mechanism has not however been verified fully and it 
is also likely that other factors such as residual stress play a part in enhanced interfacial 
diffusion. On curing against a rigid metal adherend, polymer shrinkage (which usually 
occurs on cure) will result in the interfacial polymer being in tension. This will also have 
an effect on the diffusion properties of the system as the tensile stress will effectively 
increase the free volume of the polymer and therefore increase the rate of diffusion.
In addition to the route of water ingress, its physical nature (ie present in a gaseous or 
liquid state) is also of considerable importance in determining the cause of failure. A 
comprehensive review of the effects of water at the interface is given by Leidheiser and 
Funke [68] and for wet adhesion they suggest that water molecules aggregate at the 
interface and cause disbondment due to stresses associated with the additional volume 
occupied by the liquid water (hydrodynamic disbondment). In their model it is proposed 
that water moves through the polymer by diffusion (either through the compact polymer 
or through pores) and that failure occurs within a continuous water film which may be 
many molecular layers in thickness at the interface. They argue that water accumulation at 
the interface is made possible by the presence of non-bonded areas of sufficient dimension 
to permit aqueous water to form. Unfortunately there is not one clearly unambiguous 
description of water movement through polymer films and XPS studies of wet adhesion 
failures often show the presence of a thin l-2nm polymeric overlayer remaining on the 
metal surface. The reduction in performance due to wet adhesion is likely to be caused by 
water aggregating within a region close to the adhesive-adherend interface adjacent to 
highly ordered surface bonds, such a region has been suggested by Taylor et al [69] and 
is shown schematically in Figure 2.14. Loss in strength due to "wet adhesion" is largely 
reversible and high strength can be resumed by drying the adhesive. This is not the case 
for true interfacial failure where displacement of the adhesive at the substrate surface has 
occurred according to thermodynamic work of adhesion considerations. In this case bonds
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are broken and strength is not retrieved on the subsequent drying of the system. Much work 
continues in this field addressing the problem.
******* ****** ******************* ******* ************** ****^*****C**** ******
Metallic substrate
Figure 2.14 | Schematic showing the anomolous polymeric region that often remains on
the substrate following wet adhesion failure [69].
The rate of water penetration into an adhesive joint or coated system has also been shown 
to be affected by the presence of cations in the system. The effect of cation additions to 
the environmental solution was investigated by Watts eta l [70] for a polybutadiene coating 
on mild steel under a cathodic potential. They determined that the rate of failure was 
proportional to the charge/ionic radius of the cation (as this controls the size of the 
solvation sheath) and that delamination was faster when this value was low, ie either a 
singly charged or a large cation. They concluded that "the presence of cations at the 
interface, brought about by the mass transport of solvated ions through the polymer film 
allows water ready access to this region, and is responsible for the more rapid failures. 
However, neither cation or anion needed to be present in the critical region of the coating 
in order for severe weakening to occur". It was also proposed that highly solvated cations 
could act as blocks to the diffusion of water and hence decrease the rate of failure. [A 
solvated cation has quite strongly bonded water associated with it therefore making it less 
mobile due to steric hindrance].
The effect of cation diffusion has been studied by a number of workers and Nguyen and 
co-workers have published extensively in this field [71]. Under an applied electrical 
potential, the pH at the cathodic blisters is high (pH 14 has been measured) and this 
alkalinity is due to the migration of cations from the environment to the cathodic sites to 
neutralise the electric charge of the hydroxyl ions following the reaction (or similar for
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different cations).
Io2 + HjO + 2e~ + 2Na* = 2(Na + OH”) Equation 2.22
They state that the high solubihty (in water) of the reaction product reduces the water 
activity at the metal/polymer interface and causes an osmotic pressure gradient between the 
environment and the inside of the blisters. They believe that this osmotic pressure is the 
principle mechanism for the growth of cathodic blisters.
Pommersheim et al [72] studied cation diffusion along the polymer metal interface using 
both carefully contrived experiments and theoretical modelling. They found good agreement 
between their model and experimental results and concluded that during propagation of the 
failure region, the rate limiting step was the lateral diffusion along the coating/metal 
interface rather than diffusion through the coating.
Such studies highlight the need for careful consideration of the working environment for 
a coated or adhesively bound system as the presence of small quantities of some cations 
can greatly affect the durability performance. It is clear that cations result in premature 
failure and that their presence is associated with increased water diffusion to the cathodic 
crack tip, however several mechanisms exist suggesting the route by which they result in 
enhanced water diffusion.
2.7.2 Substrate Stability
Reduced durability of organic coatings and adhesive joints is sometimes ascribed to 
substrate instability. Several methods to improve substrate stability have been developed 
and much work has been performed for aluminium based systems. Pre-treatments such as 
CAE* and PAE have been developed as hydration inhibitors for aluminium and their use 
has been discussed in Section 2.6.1. The stability of steel surfaces is also of great 
technological importance and will be considered here due to the use of steel in this study. 
The presence of water and oxygen will result in the following anodic and cathodic reactions 
occurring for a steel surface. At the anodic sites iron dissolves:
Fe = Fe2+ + 2e" Equation 2.23
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and at the cathodic sites the major reaction is :
lYLf) + 0 2 + 4 e ‘ = 40H " Equation 2.24
If electrical contact exists between the anodic and cathodic sites a corrosion current will 
flow and Fe2+ ions will form Fe(OH)2 by hydrolysis and by reaction with the cathodically 
generated hydroxyl ions. Eventually, through a series of complex reactions, corrosion 
products of trivalerit iron are formed eg FeOOH, F e ^  and Fe30 4. The reduction in joint 
strength observed may be due to either the fact that corrosion products formed are 
mechanically weak or that iron oxides produced from corrosion may dissolve under the 
very high pH created (cathodic delamination).
Several methods of improving the corrosion resistance for steels exist and include 
phosphating and galvanizing. However, the deposits formed by such processes are usually 
quite thick and may result in the formation of a weak boundary layer. To determine the 
exact nature of the failure (ie to assign it as being due to substrate instability) surface 
analytical techniques have been utilised by a number of workers. Dickie et al [42] used 
XPS to study the failure of an epoxy adhesive to both cold rolled and galvanized steels. 
They concluded that in both cases failure appeared to be caused predominantly by 
interfacial corrosion processes at the metal substrate in a manner reminiscent of crevice 
corrosion. They determined that failure occurred between the substrate and its 
contamination layer and that the contaminant layer remains relatively intact on the adhesive 
surface after bond failure. A major criticism of much surface analytical work on durability 
studies stems from the fact that in many cases joints are failed in the test environment and 
often post failure corrosion is confused with corrosion induced failure. However, in the 
work of Dickie et al joints remained intact in the test environment and were pulled to 
failure just prior to analysis. Corrosion induced failure was also suggested by Davis and 
Fay [73] for an epoxy-steel system, however in this case joints were failed in a hot humid 
environment (a greenhouse at Kew gardens) and were collected every month. This may 
result in post failure corrosion and great care must be taken when interpreting such results.
The mechanisms by which physical bonds to metal substrates are disrupted (to allow 
inteifacial crack propagation) have been the subject of much debate. For aluminium, it is 
widely accepted that bonded surfaces hydrate, however, most evidence for this either comes
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from hydration of bare surfaces or hydration of wedge test specimens near the crack tip. 
Such evidence is however circumstantial and it is not clear whether hydration will occur 
at an intact metal adhesive interface or only at surfaces exposed directly to moisture. 
Recent work by Davis et al [39] has addressed this problem by careful sample preparation 
in association with electrochemical impedance spectroscopy (EIS). They concluded that 
hydration of an aluminium surface occurs under an intact adhesive layer and that such 
changes can be detected by EIS measurements. They also showed that hydration products 
grow under the adhesive layer and that such growth resulted in disruption of the adhesive 
film which led to increased water ingress towards the metal surface. This is an important 
observation, as it suggests that gross water ingress is not necessary for substrate hydrolysis 
to occur and that hydrolysis (leading to coating rupture) can proceed under an intact 
protective coating.
Oxide stability has also been addressed by Cayless [43], In this work XPS was used to 
reveal two weak links in an epoxy-steel system. Firstly, on testing after exposure to water, 
the adhesive was found to displace from the steel and secondly the oxide was found to 
break down on the steel surface. XPS of the epoxy side of a failed joint after exposure to 
water revealed the presence of a small level of iron oxide which was shown to originate 
from the metal surface. The level of iron oxide on the epoxy surface was found to increase 
if the adherends were soaked in water prior to bonding. A thin film approach developed by 
Cayless et al used a treatment based on a chromate-treated alumina paint pigment and 
resulted in modification of the outermost 2-5nm of the substrate. Results after durability 
studies with this pre-treatment showed a marked reduction in metal oxides on the epoxy 
surface and it was concluded that the thin film pre-treatment had "stabilised the metal oxide 
surface" without the formation of a thick layer which could act as a weak boundary layer.
In summary, despite a few documented cases, substrate corrosion is not the most common 
mechanism of environmental attack. In cases where corrosion does lead to premature failure 
it is necessary to prevent water ingress in order to minimise failure. This can be achieved 
by applying sealants along the exposed joint surfaces, however, great care must be taken 
in choosing such a sealant as all organic sealants are permeable to water and therefore 
moisture will eventually reach the joint surfaces. A continuous metal or glass sealant would 
offer complete protection but would probably hot be effective both in terms of applying the
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sealant and the cost premium involved.
2.7.3 Adhesive Stability
Water absorption in a polymer can lead to reduced properties in a number of ways and is 
known to lead to both plasticisation and swelling (both of which are reversible) which may 
lead to stress in the polymer and weaken it. Water ingress also normally depresses the glass 
transition temperature (Tg) and lowers the elastic modulus and strength. In addition to 
physical effects, water may also result in chemical changes within the polymer and the 
failure of a water uptake experiment to reach equilibrium can indicate a chemical reaction 
between the adhesive and water. However, most systems studied in this way do reach 
equilibrium at moderate temperatures and such studies indicate that epoxy adhesives have 
good water resistance [60], The physical ageing of adhesives in terms of cracking and 
crazing is a more probable cause of degradation than the role of hydrolysis and it has been 
shown that exposure to varying climates is an important cause of physical damage.
2.7.4 Interfacial Stability
The thermodynamic work of adhesion (WA) described in Section 2.2 enables the likelihood 
of adhesive disbondment in a hostile environment to be predicted. However, it can be seen 
that even for a negative WA value (thermodynamically unstable), an adhesive joint may still 
perform for a considerable time as the diffusion of water to the interface may play a 
considerable role in the failure rate (Section 2.7.1). Interfacial stability can be increased by 
formation of primary bonds across the interface by means of an adhesion promoter 
(coupling agent) and their role in adhesive bonding has been discussed in Section 2.6.2. 
One aspect of interfacial stability relevant to this study, but as yet only eluded to, is that 
of cathodic delamination. This will be described here in more detail.
2.7.5 Cathodic Delamination
If a metal is discontinuously covered by an organic coating/adhesive (eg a stone chip on 
a car) the system is likely to deteriorate when exposed to an aqueous corrosive 
environment. The coated metal behaves relatively cathodically (ie an electron accepting 
site) and the exposed metal surface acts as an anode (electron generating site). The cathodic 
reaction may produce products beneath the coating which are deleterious to bond 
performance, this process is known as cathodic delamination (disbondment) [74] and the
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same effects are observed if the metal is polarised cathodically by means of an external 
potential [75], The description of this process is far from new and the phenomenon was 
described in 1929 by Evans [76], since then many workers have studied the effect both 
with and without the application of an externally applied cathodic potential. Several key 
texts have been written describing the process and Watts [77] has used XPS to determine 
the underfilm chemistry occurring on delamination. The dominant cathodic reaction in an 
acidic environment where oxygen has been excluded is given by Equation 2.25.
2H + + 2e~ = Equation 2.25
However, in most corrosion processes, oxygen is present and several cathodic reactions may 
be possible:
2H + + | o 2 + 2 e‘ = H p  Equation 2.26
2H* + 0 2 + 2e" = Equation 2.27
21^0 + 0 2 + 4e" = 4 0 H ' Equation 2.28
All of these reactions result in an increase in local pH, either by production of OH' ions 
or by consumption of H+ ions. The most common cathodic reaction for corrosion in a non­
acid media under an organic film permeable to oxygen is represented by equation 2.28 [78]. 
Several failure mechanisms have been proposed in the literature and the main three of these 
will be discussed below and are represented in Figure 2.15 for a coating with a central 
defect under cathodic polarisation.
a t e xp o s e d  m e ta l s u rfa c e  
c a th o d ic  re a c tio n s  oc cu r
w ater and ions  
p e n e tra te  c o atin g hydro lys is  o f po lym er
O H ". O H "
p o l y b u t a d i e n e
steel
pH fa lls , o x id e  th ic ke n s
at edge d isbondm ent c re v ic e  In te r fa c la l fa ilu re
pH Is v ery  high In te r fa c la l fa ilu re  
o ccurs , o x id e  re d u c tio n  Is seen  
behind d isb ondm ent fro n t
Figure 2.15 Schematic of failure due to cathodic delamination [77]
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2.7.5.1 Oxide Reduction
In this scenario it is proposed that the high underfilm pH results in reduction of the metal 
oxide to which the polymer adheres and results in consequent failure. This has been shown 
to be a consequence of delamination for a thin polybutadiene coating on steel under an 
applied potential (0.5M NaCl solution, cathodic potential of -1500mV vs saturated calomel 
electrode (SCE) in KC1) by Gastle and Watts [75] using XPS. It is, however, a precursor 
to delamination of thick epoxy films [79]. These authors showed the reduction of iron oxide 
during cathodic delamination by comparing high resolution Fe2p spectra of the substrate 
at and further away from the disbondment front. The Fe2p spectrum from the disbondment 
front had a considerably higher metallic component and showed that oxide was being 
reduced at the crack tip behind the disbondment front where the pH was highest. The pH 
needed to promote oxide reduction can be determined from the relevant potential-pH 
(Pourbaix) diagram [80] and indicates that for iron, oxide reduction does not occur unless 
a cathodic potential is applied (ie it will not occur at the corrosion rest potential).
2.7.5.2 Alkaline Hydrolysis of the Polymer
In this case, it is suggested that the polymer close to, but not at the interface, is attacked 
by hydroxyl ions in a process similar to saponification. This results in a very thin layer of 
polymer adhering to the substrate and requires gross permeation of the coating by hydroxyl 
ions and their metal counter ions (cations). This failure route is very similar to that 
described as "wet adhesion" and "metal" failure surfaces appear identical with a thin (1- 
2nm) polymer overlayer. To determine whether alkaline hydrolysis has occurred it is 
necessary to analyse the polymer side for the presence of cations. However, it is also 
possible that failure can occur via the presence of solvated cations. A closely associated 
failure mechanism arises as a result of water ingress along the polymer-metal interface (ie 
water may not have to move down through the polymer). As the empirical data regarding 
the characterisation of the interfacial failure surface from the two modes of failure are so 
similar it is not possible to distinguish between the two types of failure using XPS.
2.7.5.3 Interfacial Failure
This is the classical view of cathodic delamination first proposed by Evans in 1929 [76] 
and more recently supported by experiments from Koehler [81]. It is proposed that 
delamination, in the form of aqueous displacement, occurs due to a high pH aqueous film
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forming between the coating and the substrate. Koehler showed that delamination occurred 
in an aqueous solution of ammonium hydroxide (pH 11.7) at a pH below that needed to 
induce oxide reduction or polymer degradation. The introduction of surface specific analysis 
techniques has allowed this type of failure to be identified unambiguously.
2.8 Concluding Remarks
This chapter has introduced many of the key aspects of adhesion science and the 
subsequent failure of adhesive bonds and has concentrated on areas relevant to this study. 
For adhesion to occur, it is first necessary to obtain molecular interaction as the attractive 
forces which result in adhesion only operate over a short range. Once a bond is formed its 
stability can be predicted using thermodynamic calculations, however, such an approach 
does not consider failure kinetics. To overcome this shortfall the kinetics of failure (water 
ingress) have been discussed. The instability of adhesive joints results in their limited use 
in structural bonding today although much progress has occurred over the last few years. 
Surface pre-treatments have been shown to play a considerable role in adhesive durability 
and their interaction with the substrate is of great importance in attaining the desired 
improvements in performance. The thin film nature of many adhesion promoters makes the 
use of surface specific techniques essential to understand their deposition process and 
properties of the deposit formed. In addition to analysing the general layers deposited, 
surface specific techniques also enable the type of adsorption (ie chemisorption or 
physisorption) and the molecular alignment of adhesion promoters to be determined. The 
locus of failure can also be located precisely using such techniques and a wealth of 
literature exists demonstrating their unquestioned use in this field.
This project firstly considers the use of a thin film inorganic adhesion promoter introduced 
initially by Cayless et al [45] as it has shown considerable improvements for the 
commercially interesting system of mild steel and epoxy adhesives. A wide range of surface 
analytical techniques XPS, AES and ToF-SIMS (each with their own strength) have been 
utilised to study the thin layer formed and to gain knowledge on its uniformity. Lap shear 
joints were used to determine the effects of the inorganic pre-treatment and small area and 
imaging spectroscopies have been used to study the failure surfaces of joints failed 
following prolonged exposure to water. Such failures are often driven by electrochemical 
reactions and hence cathodic delamination cannot be overlooked. The combination of a thin
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film inorganic pretreatment with a silane adhesion promoter by Cayless et al showed 
improved durability performance for the mild steel-epoxy system studied. The widespread 
use of silanes and the level of "black magic" surrounding their use has prompted their 
deposition to be studied as part of this work. To this aim the interaction of a commonly 
used industrial silane (y-glycidoxypropyltrimethoxysilane, GPS) on iron has been studied 
using both XPS and ToF-SIMS. To enhance our knowledge of silane deposition further a 
computer chemistry approach has been adopted using commercially available molecular 
modelling software.
It is apparent that surface analytical techniques play a large role in this form of study and 
as such have been used extensively throughout this work. Three main techniques were 
available, namely XPS, AES and ToF-SIMS and each has been used on a basis of its 
particular strengths. These three techniques in addition to the molecular modelling approach 
will be discussed in detail in the next chapter and the experimental operating conditions 
used will be presented.
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Experimental Techniques
3.1 X-ray Photoelectron Spectroscopy (XPS)
3.1.1 Introduction
XPS, in addition to other surface analytical techniques, has been used in adhesion related 
research for a number of years. Its versatility as an analytical technique offering 
quantitative analysis, chemical state and structural information has enabled workers to 
increase their knowledge of adhesion phenomena in three main ways [82]. Firstly, it enables 
the surfaces to be examined prior to bonding, this is essential as surface cleanliness is 
known to greatly affect the performance of adhesive bonds. Secondly, XPS has proved 
successful for analysing the substrate -adhesive bond. The complexity of this approach has 
resulted in the use of a number of sample preparation techniques which allow the buried 
interface/interphase to be examined [83,84]. Such techniques involve removing the polymer 
by swelling techniques and depth profiling by either ion beam milling (from the metal side) 
or by cutting a fine taper section thus exposing the interface/interphase over a distance 
capable of being investigated by small area XPS. The third use of XPS in adhesion science 
has been to precisely characterise the locus of failure within adhesive joints. In this case 
XPS has enabled very thin (order of nanometers) overlayers to be detected in systems 
which appeared, by other less surface sensitive techniques, to have failed interfacially. This 
is of great importance as knowledge of the exact locus of failure enables adhesive systems 
to be modified to eliminate the weakest link and therefore improve adhesion.
Analysis of failure surfaces gives the exact surface composition and several routes to failure 
have been identified by XPS analysis. Previous work has identified minor components of 
the formulation which segregate to the interface and lead to premature failure [38]. Also, 
ionic mobility within a joint exposed to an aqueous environment has been studied and the 
presence of key ions in the interfacial region has been linked to rapid failure [70].
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XPS is now a well established technique and spectrometers are relatively commonplace in 
a number of academic and industrial research laboratories. The early work of Professor Kai 
Siegbahn and collaborators at the University of Uppsala led to the development of the first 
X-ray photoelectron spectrometer capable of distinguishing between chemical states of an 
element [85]. This work led to the frequently used term of Electron Spectroscopy for 
Chemical Analysis and the associated acronym of ESCA. This term is often applied when 
referring to XPS, however, it should be used as an umbrella term covering all X-ray 
induced analysis techniques offering chemical state information, eg X-ray induced Auger 
electron spectroscopy (X-AES). The first commercial spectrometers became available in the 
late 1960's, since then development has been rapid due to improvements in vacuum 
systems, electron detectors and more recently rapid progress has occurred due to improved 
computer operating systems.
It is not necessary to introduce XPS as an analytical technique in any great detail as 
excellent reviews have been written by several authors [82,86,87]. For this reason an 
overview of the technique will be given covering both the basic principles and with 
particular reference to specific features which have been utilised during this study. 
Instrumentation for XPS has also been covered by many texts and it is not intended to 
spend time in this section discussing the basics of spectrometer design. Instead, emphasis 
will be spent on relatively new innovations such as developments in small area analysis and 
other particular instrumental features which are relevant to this work.
3.1.2 Basic Principles and theory of XPS
The interaction of an X-ray photon with the sample leads to the ejection of a core level 
electron as demonstrated schematically in Figure 3.1. In this case the X-ray photon has 
interacted with a K-shell electron resulting in the emission of a Is photoelectron. The 
associated vacancy will be created in the K shell and relaxation of the ionized atom must 
occur in some way. This is achieved by it filling with an electron from a higher level and 
can either lead to the emission of an X-ray photon (X-ray fluorescence) or the radiationless 
de-excitation process of Auger emission.
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Figure 3.1 Schematic of the photoemission process.
The kinetic energy (EK) of the electron in vacuum is the experimental quantity measured 
by the spectrometer. Although this is not an intrinsic materials parameter, it is related to 
the electron binding energy which defines both the element and atomic level of its origin 
and other instrumental terms by the following expression:
EK = hv -  Eb -  Er Equation 3.1
where hv = X-ray photon energy (eV)
h = Planck's constant (Js)
v = frequency of light (m*1)
Eb = binding energy of the ejected photo electron (eV) (defined as
the energy required to remove the electron to infinity with 
zero kinetic energy) [88]
Er = recoil energy (0.1-0.01eV) which is usually ignored [87]
and O = spectrometer work function (eV).
There is a further energy loss as an electron leaves a surface due to the work function of 
the surface and the electron in the spectrometers vacuum may be accelerated or retarded 
by contact potentials in its materials construction. If the fermi level of the sample is 
aligned with that of the spectrometer, it is the spectrometer work function which determines
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the kinetic energy of the electron which is measured. For conducting samples in thermal 
equilibrium with the spectrometer the value of <D is virtually constant at about 4.5 eV for 
most spectrometers, this value being the work function of the analyser material [86]. The 
advantage of Fermi level alignment is represented in Figure 3.2 and discussed below. 
During analysis, an incoming photon with energy hv causes emission of a photoelectron 
of energy EKirl1 relative to the vacuum level of the sample, Ev. The energy of the electron 
measured by a spectrometer with a work function of s^pectrometer is given as:
R  = v l .  -  ((b -  <T) 'j Equation 3.2
A-'Kin V Spectrometer Sample'
where s^ample = work function of the sample (eV).
This can be rearranged to give:
F = F 1. + ((b -  (b \ Equation 3.3
rCin. A-'Kin V Sample Spectrometer'
An electron passing from the sample to the spectrometer will therefore experience a 
potential equal to the difference between the sample work function and that of the 
spectrometer [88]. However, if the sample and spectrometer have their Fermi levels aligned 
as indicated in Figure 3.2, the following expression is valid.
hv = Erf + E + <D Equation 3.4i iv  E g  f  i- ^spectrometer
Where EBF = binding energy referred to the Fermi level (eV).
This expression demonstrates that for conducting samples, only the spectrometer work 
function needs to be considered.
c o n d u c t i o n  b a n d
F e r m i  l e v e l S b s r ^ ^ Fermi level
sp e c tro m e te r
EK* e'k + ('•’spec"®)
sa m p l e  
* EB ♦  E'K ♦ *  s p e c
Figure 3.2 Energy diagram regarding the emission of a photoelectron and its passage 
through a simple analyser, after Watts [89],
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As the photon energy and the spectrometer work function are known and EK is measured 
experimentally, it is a simple matter to calculate the electron binding energy; this is usually 
performed by the spectrometer control unit.
3.1.3 Spectral Interpretation
It is now widely understood that the chemical shift (binding energy position) is affected by 
both initial and final state effects. Initial state effects are controlled by the chemical state 
of the species from which the electron originates and early workers considered this to be 
the only factor affecting the binding energy. The simplest approach to binding energy 
calculation assumes that Koopmans' Theorem is valid [90], this states that during 
photoemission the electron orbitals remain frozen and neglects the contribution from the 
change in electron screening that arises from other electrons in the solid. It is now accepted 
that the greatest contribution to binding energy shifts in solid inorganic materials arise due 
to final state effects. These include polarisation of the surrounding ions, core hole 
screening, relaxation of orbitals and the outward flow of electrons and result in the 
reduction of the kinetic energy of the ejected photoelectron (increase in the binding energy). 
The influence of final state effects in polymeric materials is less significant than for 
inorganic materials [91] and for polymers there is good correlation between binding energy 
shifts and charges on various polymer side groups (S+ and 8'). Relaxation energies arise 
from the additional screening of the atomic core needed when there is a hole in the core 
level. This is achieved by the inward collapse of the outer electron orbitals towards the core 
(relaxation). As relaxation occurs there is an increased interaction between electrons in the 
inner and outer orbitals. There are two types of relaxation energies, the intra and the extra 
atomic relaxation energies, ERia and ERea. For an isolated atom intra atomic relaxation should 
only be considered and this term represents the re-arrangement of the electrons following 
photoemission in the new potential field created by the departure of the photo electron. 
Extra atomic relaxation energy refers to a molecule where additional screening electrons 
are available from the environment of the ionised atom (from other atoms or valence band).
3.1.3.1 Primary Structure
The photoelectron spectrum will reproduce the electronic structure of an element accurately 
as all electrons with a binding energy less than the photon energy will contribute to the 
spectrum. Excited electrons that escape with elastic scattering (ie without the loss of
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energy) contribute to characteristic peaks in the spectrum. However, those electrons that 
undergo inelastic scattering and hence lose energy contribute to the background of the 
spectrum on the high binding energy side if plotted with increasing binding energy from 
left to right. The inelastically scattered electrons lose kinetic energy, hence they appear to 
have a higher energy when plotted in terms of increasing binding energy and contribute to 
the general background on the high BE side of a peak in an XPS spectrum.
The background shape can also provide additional information on the hierarchy of species 
present in a sample [84]. In the case of a perfectly clean surface the slope following apeak 
(on the high binding energy side) will be horizontal or slightly negatively sloping. If a 
phase is buried by a thin overlayer, electrons leaving the buried phase will be attenuated 
by the overlayer leading to a slight reduction in their kinetic energy. This results in 
additional electrons being present on the high binding energy side of a peak and is detected 
as a positive post peak slope (pps).
When analysing insulators, the above expression (Equation 3.4) may also contain the term 
3E which is associated with electrostatic charging of the specimen. In this case it can be 
re-written as follows.
Ek = hv -  Eg -  Ej  ^ -5 E  Equation 3.5
As analysis occurs by virtue of electron loss, a positive charge is built up on the surface 
of an insulator during analysis. This charge reduces the kinetic energy of the outgoing 
electron and is apparent as a shift to the right in the peak position (typically 0-5 eV) on a 
binding energy scale. For some samples, usually polymers or ceramics, continued charge 
build up can result in the surface becoming positively charged by up to several hundred eV. 
This results in only photo electrons with sufficiently high energy being capable of escaping. 
Charging is reduced on a spectrometer operating with a twin X-ray anode as a window 
(usually aluminium) is used to separate the anode from the analyser chamber. This window 
is added to reduce the possibility of the high energy Bremsstrahlung and stray electrons 
from the source from damaging the sample. However, as X-rays pass through the window, 
low energy secondary electrons are generated. These electrons travel towards the positively 
charged sample and thus partially neutralise the charge. Charging effects for 
monochromated systems are usually more pronounced as a higher photon flux is usually
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provided to the sample. To overcome this problem it is common practice to introduce a 
separate source of neutralising electrons via the use of an electron flood gun. However, 
despite such measures neutralisation is generally not complete and a small steady state 
charge (5E) of a few eV remains on the sample surface. Such charge can be affected by 
X-ray conditions as it will vary as a function of the number of low energy electrons 
produced at the aluminium window, ie it will vary as a function of X-ray power. The 
number produced will be dependent upon the X-ray power. Sample charging can also be 
reduced by altering the sample analysis position. Under normal conditions the charge is 
uniform across the energy range and does not vary as the energy range is scanned, 
however, if the sample heats during analysis the charge may vary through the spectrum. If 
the charge remains constant throughout the energy range several methods exist to correct 
for it. This is achieved usually by referencing the spectrum to a known photopeak. In 
practice, adventitious carbon present on the majority of samples analysed is used and the 
C-C/C-H component of the C ls peak is assigned a nominal charge of 285.0 eV. Other 
peaks are then referenced to this value. The benefits of using "adventitious carbon as a 
panacea for charge referencing" have been discussed by Swift [92]. He concluded that if 
a more reliable technique was not available, then the use of hydrocarbon contamination was 
very convenient, however, there was a variation in its reported binding energy value (284.6 
to 285.2 eV). This variation is due to several factors including the chemical state of the 
carbon (ie ion etching may affect this) and the thickness of the layer and makes 
spectrometer calibration to a known standard such as the Au4f7/2 peak (84.0 eV) necessary 
before comparisons between different spectrometers can be made.
3.1.4 The Auger Parameter
The interaction of an X-ray photon with a sample leads to the emission of Auger electrons 
as well as photo electrons. This results in an XPS spectrum containing peaks associated with 
both types of electrons. Such Auger emission, often referred to as X-ray induced Auger 
electron spectroscopy (X-AES) yields Auger electrons which can provide valuable chemical 
information regarding an atom if all electrons involved in the transition are core level. 
Unlike photoelectrons, the kinetic energy of Auger electrons is not affected by the energy 
of the X-ray source. This allows the two classes of transition to be resolved easily in an 
XPS spectrum as changing from AlKa to MgKa radiation results in a decrease in the 
binding energy position of the Auger peaks by 233 eV. Auger peaks present in an XPS
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spectrum are also often used as a means of overcoming effects from charging by the 
elegant use of the Auger parameter. This term was first introduced by Wagner in 1975 [93], 
The change in chemical state which gives rise to the chemical shift in photoelectron lines 
also causes a similar shift in Auger lines. This is especially true when transitions leave final 
state vacancies in the core levels of the atom or ion and it is usually the case that Auger 
shifts are larger than photoelectron shifts. The difference between the kinetic energy of 
Auger and photoelectron lines has been found to be related to the chemical environment 
of the ionised atom and is independent of reference level and charging effects. Therefore, 
this empirical measurement leads us to an important source of chemical information and 
it has been demonstrated that changes in the Auger parameter going from one compound 
to another have been identified with changes in the extra atomic relaxation energy and 
hence the polarizability of the atomic bond [94].
When considering the Auger parameter it is essential to understand exactly which method 
of determination is best, the choice of Auger Parameter has been discussed by several 
authors including Riviere et al [95] and Lang and Williams [96]. The classical definition 
of the Auger Parameter is:
“ =EK0ik)_EK® Equation 3.6
where EK(ijk) = kinetic energy of the Auger transition ijk (eV)
and E^j) = kinetic energy of the photoelectron from level 1 (eV).
I need not be the same as i, j or k but it often is. This expression can be re-written in 
terms of the binding energy of the electron in level 1, ie
ct"EK(ijk)+EB(irllv Equation 3.7
However, this term was found to be negative sometimes and was hence re-written as the 
modified Auger parameter, a*.
a*=a+hv Equation 3.8
This modified Auger parameter can, of course, also be written as:
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«*=EKCjt)+EBa) Equation 3.9
Although useful for determining chemical state, care must be taken when relating a  and a* 
to other quantities in either an empirical or a theoretical way. Both the original Wagner and 
the modified Wagner Auger parameters (a  and a*) have been used by several workers and 
have been linked to the extra atomic relaxation energy associated with the core hole by the 
following expression.
Aa = A (t'“ 2ARea Equation 3.10
ie, the difference between the Auger parameter for free atoms to that for atoms in a 
compound is equal to twice the difference in the extra atomic relaxation energy. As free 
atoms have a value of Rea = 0, this equates to the actual value of Rea for the compound.
This approach is, however, not very rigorous as there is no restriction on the energy levels 
ij,k  and 1 that enter the definition. This is important as even if common ijj (eg KLL) Auger 
transitions and the binding energy of the j (eg Is) are used, a  and a* still contain an Auger 
kinetic energy based on two levels and a binding energy of only one. Secondly, equal 
binding energy shifts are assumed for all core levels, ie AEB (i) = AEB (j). This is not the 
case and for sulphur a value of AEB (2p)/ AEB (Is) = 0.86 has been determined [95]. 
Several more rigorous Auger parameters have been introduced by Lang and Williams [96] 
and they introduce a C, parameter (Equation 3.11) which involves three binding energy 
measurements, EB (i), Eg (j) and Eg (k). However, for ijj type Auger transitions (ie KLL),
this can be reduced to two binding energy measurements, EB (i) and EB (j) and leads to the
introduction of a Q (Equation 3.12).
C = Eb (i) -  E,, ©  -  Eb (k) -  E*. (ijk) Equation 3.11
H' = Eb (i) -  2Eg ©  -  Ek (ijj) Equation 3.12
This can then be related to the extra atomic relaxation energy (Rea) in the usual way:
A£7 = 2A R 63 Equation 3.13
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3.1.5 The depth of analysis in XPS
"XPS spectra from solids can only provide information for atomic species present within 
a small distance from the emitting surface" [97]. X-rays penetrate the sample to a relatively 
large distance, however, the analysis depth for XPS is determined by the ability of electrons 
to escape without energy loss and the depth of analysis is determined by the inelastic mean 
free path of the emitted photoelectron. This is a function of the kinetic energy of the 
electron and varies as a function of EK05. Various relationships have been developed which 
relate the inelastic mean free path (IMFP or X) to electron energy and materials properties. 
One relationship given by Seah and Dench [98] is stated in Equation 3.14 for elements with 
energies between 1 and 10,000 eV above the Fermi level.
Values for inelastic mean free paths have been reported in the literature by a number of 
workers and a comprehensive range for both organic and inorganic materials have been 
published by Tanuma, Powell and Penn [99,100,101] using an algorithm derived from 
experimental data by Penn. These values will be used in this work as they are both recent 
and very comprehensive.
The analysis depth for electron spectroscopies is governed by electron attenuation according 
to the familiar Beer Lambert Expression.
X = ----   + 0.41 aA (aA EA)0,5 Equation 3.14
Where
and X
kinetic energy of the electron (eV) 
volume of the atom (nm3) 
inelastic mean free path (nm).
Equation 3.15
Where
and
I,
0
X
d
*00
intensity of the attenuated electrons (kc.eV/s) 
intensity from an infinitely thick clean substrate (kc.eV/s) 
overlayer thickness (nm)
electron take off angle (relative to the sample surface) 
inelastic mean free path (IMFP) of the emitted electron in the 
substrate material (nm).
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The inelastic mean free path is frequently confused with the attenuation length and both 
terms are often interchanged incorrectly. The attenuation length is an empirical 
measurement and is determined experimentally, an example is found in results from the 
Round Robin experiments to determine the attenuation length for aluminium [102], 
However, the inelastic mean free path is calculated from first principles. Equation 3.15 can 
also be written in a slightly different form for the intensity of electrons emitted from the 
overlayer (ie an oxide) and this is given in Equation 3.16.
jOx _ tOx 
d « 1-exp
-d
A sin0 /  j
Equation 3.16
The surface specificity of techniques governed by electron attenuation (ie XPS and Auger 
electron spectroscopy, AES) can be demonstrated by considering the intensity of electrons 
emitted normal to the surface (90° take off angle, TOA) from a distance up to 3 A, into a 
solid. The surface specificity is demonstrated by the following simple calculations where 
different values of d are substituted into Equation 3.16:
For d=X ld=x = 0.63 I*,
d=2A,, Id=2X = 0.86 I*,
d=3A,, Id=3,  = 0.95 I*,.
This demonstrates that for normal emission, 95% of the signal originates from a depth of
upto 3A, and this is usually taken as the analysis depth for XPS and AES. The exponential
decrease of the intensity distribution with depth is shown schematically in Figure 3.3.
e l e c t r o n  s igna l  
U O O O eV )X - r a y  p h o t o n s
On
( n m )
Electron emission as a function of depth, after Watts [82],
The vertical depth of analysis for XPS is therefore easily approximated using 3 A, sinG and
will vary as a function of the kinetic energy of the photoelectron analysed as A, oc E, 0.5
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Using values of X from Tanuma et al [99], the analysis depth can be shown to vary from 
2.46 nm for M gls (1305 eV), to 4.11 nm for Fe2p (708 eV) and 10.17 nm for Mg2s (90 
eV) photo electrons. The strong dependence on kinetic energy allows information about 
depth distribution to be assessed by comparing the intensities from different peaks for the 
same element. For example, as illustrated above, the analysis depth for magnesium varies 
from 2.46 nm to 10.17 by comparing the M gls to the Mg2p photo peaks. Similarly, the 
relationship betweeh analysis depth and kinetic energy can be exploited by changing X-ray 
source. This changes the photon energy and therefore for a given binding energy will 
change the kinetic energy (Equation 3.1). There is a 233 eV difference in the photon energy 
between AlKa and MgKa radiation, this has the effect of reducing the analysis depth for 
Cls by about 1 nm when MgKa is used compared to AlKa. This also enables information 
to be gained about depth distribution of species is a non destructive manner.
As the photoelectron intensity is strongly affected by the electron take off angle it is 
important to remember that for accurate measurements of surface composition it is essential 
that the sample is flat on the scale of electron attenuation. This is rarely the case for "real" 
samples and great care must be taken when interpreting their results. The effects of surface 
roughness on XPS intensities have been reported by Fadley [103] and he concludes that for 
angular distribution analyses, the effect of roughness is not negligible particularly in the 
presence of covering surface layers and there are two main points to consider. Firstly, 
portions of the surface are shaded from either X-ray incidence and/or electron escape, and 
secondly that the actual angles of X-ray incidence and electron escape differ from the 
corresponding flat surface values. The errors introduced by calculating overlayer thicknesses 
for rough surfaces have been addressed by Cross and Dewing [104]. They showed that for 
a spherical particle with a thin overlayer d < A^ verlayer, it was possible to overestimate the 
overlayer thickness by a maximum factor of two, however, this overestimate decreases as 
the coating thickness increases towards d~ 3 A,0verlayer.
3.1.6 Quantification of XPS spectra
There are three basic alternative routes to quantification, these are: (a) based on first 
principles, (b) the use of published data bases and (c) the use of local standards to 
determine empirical sensitivity factors [86], In practice, a combination of the three 
approaches may be the most appropriate.
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The intensity (I) of a photoelectron peak from a homogenous solid is a complex function 
and is reviewed in detail by Seah [86]. However, it can be given in a very simplified form 
by:
I = J p o K l  Equation 3.17
photon flux
concentration of the atom or ion in the solid 
cross section for photoelectron production 
a term which covers instrumental factors such as the 
transmission function and the analyser efficiency 
inelastic mean free path [82],
Cross sections for photoelectron production have been calculated by Scofield for both 
MgKa and AlKa radiation [105]. There are two main methods enabling the peak intensity 
to be measured from experimental data, these are peak heights and peak areas. The height 
can be used as a first approximation of the signal intensity (the usual approach when 
considering a survey spectrum), however, XPS peaks have different widths and shapes and 
this normally results in the peak areas being used for quantification. Before the peak area 
can be determined it is necessary to remove or compensate for the rising background 
associated with every peak. The simplest method is background removal by a straight line 
interpolation, however, this gives a very subjective value for the peak area as it is very 
dependent on the analyst selecting the binding energy range over which to perform the 
background subtraction. This subjectivity is reduced by use of a Shirley background, in this 
case the background intensity increases in proportion to the integral of the peak lying above 
it. However, there is no theoretical basis for this background. This has been overcome in 
a series of papers by Tougaard [106] which considers the background over about a 50 eV 
window. However, such backgrounds are still being developed and are not yet applicable 
to practical systems. The approach above (using first principles) can be used for direct 
quantification although experimentally determined sensitivity factors, (F) (either published 
or in house) are generally used. A comprehensive set of empirically derived sensitivity 
factors have been published by Wagner et al [107] and these values, modified for the 
spectrometer used in this study, have been used throughout this work. The validity of these 
empirically determined factors has been addressed by Ward and Wood [108] and they
where J
P
a
K
and X
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concluded that empirical factors varied considerably from those theoretically calculated 
using Scofield's photoelectron cross sections, but were in good agreement with other 
experimentally derived databases. They did however suggest anomalous values in the 
Wagner database for a number of transitions including the Si2p. This has been considered 
during this work as silicon quantification has been performed as part of this study. The 
Wagner factor for Si2p was used for quantification despite the criticism by Ward and Wood 
as it agreed well With an empirical factor derived in house at Surrey. Other sensitivity 
factors have also been published for higher energy X-ray sources [109] allowing 
quantification to be made with the more unusual (but extremely useful) X-ray sources such 
as AgLa (2984.3 eV). The sensitivity factor (F) incorporates the terms a, K and X as well 
as additional features associated with the photoelectron spectrum such as loss features. 
Once a set of sensitivity factors has been established for a particular spectrometer they are 
stored on the spectrometer's computer data system and quantification is performed using 
an equation of the form:
* 100 % Equation 3.18
Assuming that the X-ray flux is constant throughout an analysis (this is normally the case) 
the atomic percentage of a particular element is given by dividing the peak area by the 
appropriate sensitivity factor and expressing it as a fraction of all normalised intensities 
[82], Quantification in this manner assumes that the specimen is homogenous within the 
analysis depth. This is seldom the case, however, such an approach does enable 
comparisons to be made between similar samples and as such is of great importance.
3.1.7 Angle resolved XPS (ARXPS)
The vertical depth of analysis has been defined as 3X sin0 for XPS, as 95% of the 
photoelectron signal emanates from this depth. The distance travelled by photoelectrons 
within the sample is ~3A,, independent of electron take off angle. Therefore the distance 
travelled within the sample is the same for an electron emitted at 15° to one emitted as 90° 
to the surface. It is the vertical depth of analysis which varies with take off angle and this 
enables depth information to be gained by simply acquiring spectra from a range of take 
off angles. This feature is illustrated in Figure 3.4.
[A] atomic % =' v
A
61
Chapter 3: Experimental Techniques
w here  A is the  e lectron  inelastic  m e a n  f r ee  p a th
Figure 3.4 XPS analysis depth as a function of take off angle, after Watts [82].
Analysis at 15° relative to the sample surface therefore offers a very surface specific 
analysis whilst one at 90° is relatively deep in comparison. By quantifying spectra acquired 
at a range of different take off angles it is therefore possible to create a compositional 
depth profile. Several software routines exist allowing this to be performed, the most 
elaborate is a maximum entropy routine as this calculates a unique solution to the data. 
Other routines, although perfectly suitable for some systems do not offer a unique solution 
and therefore require prior knowledge of the system. An excellent review of angular depth 
profile reconstruction methods has been given by Cumpson [110] and it is concluded that 
depth resolution is limited by poor signal to noise ratio and not the number of emission 
angles, optimum angles are suggested to give the best results for a particular system. For 
a weakly scattering specimen such as a polymer, it is suggested that take off angles 
(relative to the sample surface) of 90, 50, 35, 27 and 20° are used.
Results from a series of angle dependent analyses can also be used to determine the lateral 
homogeneity of a surface, ie determine if there is a uniform overlayer or an island like 
distribution present. The Beer Lambert expression, which assumes a uniform sample within 
the analysis depth, can be used to confirm the presence of lateral homogeneity. Simply, a 
plot of the overlayer intensity divided by the substrate intensity versus take off angle should 
give a double exponential decrease for a uniform overlayer. This is not the case if there is 
an island like distribution and there will be no relationship with take off angle. This is 
illustrated schematically in Figure 3.5.
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Figure 3.5 Angular electron emission from an island like surface and a uniform 
overlayer.
Another approach is to rearrange the Beer Lambert equation to give a straight line 
expression of the form y = mx + c.
Therefore a plot of In Id for a species in the attenuated substrate against l/sin0 will give 
a straight line with an intercept at x = 0 (on the Y axis) of In 1  ^and a gradient of -dA, for 
a sample covered by a uniform overlayer. If the result of such a plot gives a straight line 
(uniform overlayer), the thickness of the overlayer (d) can be easily determined as can 1 ,^ 
the intensity from an infinitely thick sample.
3.1.8 Instrumentation for XPS
As discussed above, this section will briefly cover three main areas regarding the basics of 
spectrometer design, namely X-ray sources, analysers and energy resolution. However, it 
will concentrate on recent advances in XPS (compared to its 30 years history) relevant to 
instrumentation that has been utilised throughout this work. Conventionally XPS has been 
considered as an area integrating technique offering analysis over an area of about 10 
square millimetres. Over the last decade or so, much interest has been placed in the 
development of spectrometers capable of operating at higher spatial resolution and the term 
small area XPS (SAXPS) has been arbitrarily given to cover analysis from a 100 -500 pm 
spot.
Equation 3.19
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3.1.8.1 X-ray Sources
X-rays are generated in a material when bombarded with electrons of sufficient energy. 
Although the characteristic K a line energies of magnesium and aluminium are only 1253.6 
and 1486.6 eV respectively, it is necessary to use exciting electron energies about an order 
of magnitude higher to ensure efficient X-ray production [86]. To be a suitable source for 
XPS the X-rays must have a photon energy capable of exciting a range of photoelectrons 
and have a natural line width that does not limit spectral resolution. There are in fact very 
few materials whose characteristic line width is low enough (a width of about 1.0 eV is 
usually considered suitable) without monochromation. Both YM^ (132.2 eV photon 
energy/0.47 eV line width) and ZrM£ (151.4 eV/0.77 eV) have low enough line widths, 
however, across the Periodic Table, their low photon energies would enable too few core 
levels to be accessible for unambiguous analysis. This only leaves AlKa (1486.6 eV/0.85 
eV), MgKa (1253.6 eV/0.70 eV) and SiKoc (1739.5 eV/1.5 eV) as suitable anode materials. 
Silicon is not as easy to fabricate as aluminium and magnesium and has poorer heat 
conduction characteristics, as such it is used only when access to higher core lines is 
necessary. Zr is the only alternative anode material available commercially ("off the shelf') 
from Physical Electronics.
A frequently used X-ray source incorporates both aluminium and magnesium in a twin 
anode arrangement and such sources have been available since about 1972 (VG 
Instruments) [111] and enable the X-ray source to be changed whilst maintaining ultra high 
vacuum (UHV) in the spectrometer. The design of an efficient X-ray source is influenced 
by a range of factors and it is important to optimise the photon flux at the sample surface. 
The flux is directly proportional to the electron current bombarding the anode, hence as 
high a bombarding current as the source can withstand should be used. Also, as the flux 
irradiating the surface varies inversely with the square of the distance from the anode to 
the sample surface, it is essential to place the sample as close to the anode as other 
constraints such as sample heating and geometrical considerations will allow. A schematic 
cross section through an X-ray twin anode source is shown in Figure 3.6.
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Figure 3.6 Schematic of a dual anode X-ray source, after Yates [111].
The end of the copper anode has two angled faces, one covered with a fairly thin (typically 
10pm) aluminium film, the other with a similar magnesium film. This thickness is carefully 
chosen as it must be thick enough to exclude any CuLa radiation from the substrate (ie the 
electrons hitting the anode must be fully attenuated within the anode coating) but has to 
be kept reasonably thin to enable good heat transfer. The two filaments (one for each anode 
material) and the surrounding shields are held at earth potential and a high accelerating 
potential (up to about 15kV) is applied to the anode. This method prevents electron 
bombardment of the window by elastically scattered electrons from the anode which could 
lead to heating and subsequent rupturing of the thin window at high power dissipations. 
Shields are carefully placed to ensure that electrons produced from a filament only bombard 
the anode nearest to it. Soft X-rays are produced at the anode face and pass through the 
thin aluminium window (typically 5pm). This window prevents stray high energy electrons 
and contamination from the source from hitting the sample and also reduces heating effects. 
The relatively high powers used in such a compact design necessitate cooling to be present. 
This is essential, as if the anode gets too hot interdiffusion between aluminium and 
magnesium may occur, also, the anode film may agglomerate leading to features from 
CuLa radiation being present in the spectrum. Cooling is achieved by passing water under 
pressure through the centre of the anode assembly.
3.1.8.2 Monochromated XPS
The need for higher spectral resolution from conventional sources or the need for a usable 
line width from a higher energy X-ray source has led to the development of 
monochromated X-ray sources. Both AlKa and MgKa X-ray lines consist of unresolved
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doublets (Koq and KoQ as well as satellites K a34 and K0, such lines sit on the 
Bremsstrahlung continuum. Monochromation enables an individual X-ray line from the 
K au  doublet to be selected, eliminates satellites and also removes the Bremsstrahlung 
continuum. The width of the ahnninium K a doublet (1.0 eV) limits the spectral resolution, 
however the Koq line has a singlet width of 0.85 eV. The line width is further reduced by 
selecting a narrow band of the Kc^ and can be reduced to about 0.4 eV therefore increasing 
spectral resolution.
Monochromation depends upon the dispersion of X-ray energies by diffraction in a crystal 
according to the Bragg relation given in Equation 3.20.
nX =2d sinO Equation 3.20
Where n = order of diffraction
X = X-ray wavelength (nm)
d = crystal spacing (nm)
and 0 = Bragg angle.
Quartz is used universally for monochromators available for XPS as it can be bent 
elastically if it is suitably thin and can withstand temperatures involved in baking a UHV 
spectrometer to improve its vacuum. The principle of monochromation is shown in Figure
X -raysX -rays
Source
OAeV
characteris tic  X -ra y  (X ) A IK a  c h a ra c te r is tic  high resolution X P S
‘ s a te llite s  (S )* background (B) only
Figure 3.7 The principle of X-ray monochromation.
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The suitability of quartz for monochromation of different X-ray sources is demonstrated in 
Table 3.1. The wavelength (k  in nm) of the X-ray photon is easily calculated from the 
following expression:
where
and
c
h
E
e
X =c h 
E e
Equation 3.21
speed of light (ms'1) 
Planks' constant (Js) 
photon energy (eV) 
electron charge (As).
Here it can be seen that by little adjustment in the position of the quartz crystal (spacing 
for 1010 planes = 0.425 nm) on the Rowland circle it can be used for four different X-ray 
sources at a Bragg angle of about 78°.
Radiation Energy
(eV)
Wavelength 
(?t nm)
Bragg angle0
n=T n=2 n=3 n=4
MgKa 1253.6 0.989 X X X X
AIKa 1486.6 0.834 . 78.87 X X X
AgLa 2984.3 0.416 29.30 (1(111!!!!! X X
TiKa 4510.0 0.275 18.88 40.32 76.07 X
CrKP 5947.0 0.209 14.23 29.46 47.53 79,59
Table 3.1. Possible Bragg diffraction angles using a quartz crystal monoc iromator.
The X-ray source (anode) is placed at one point on the Rowland (focusing) sphere and the 
quartz crystal at another. X-rays are then dispersed by diffraction and re-focused at a further 
point on the sphere where the sample is placed. As only a small portion of the total X-ray 
emission is selected in a monochromator, the photon flux is greatly reduced compared to 
a conventional achromatic source. Also, as the order of diffraction increases, the X-ray 
intensity falls rapidly, due to this AIKa is the most commonly monochromated X-ray 
source as a usable flux is easily obtained [86].
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3.1.8.3 Analysers
Electrostatic lenses have been used to measure the energy of electrons in both XPS and 
AES since the early days of spectrometer design. Originally permanent or electro magnets 
were considered, however their deleterious effect on the path of low kinetic energy 
electrons made them unsuitable. There are basically two types of electron energy analyser 
used in electron spectroscopy today, the hemispherical sector analyser (HSA) also known 
as the concentric hemispherical analyser (CHA) and the cylindrical mirror analyser (CMA). 
In the past the CMA has been associated with AES and the HSA with XPS, however, 
recently Auger spectrometers have been fitted with HSA analysers as these offer high 
spectral resolution at the slight expense of sensitivity (transmission). As a result of this, no 
commercial instruments (for XPS and AES) based on the CMA are currently manufactured. 
As the spectrometers used in this study all have hemispherical sector analysers (both XPS 
and AES instruments) they warrant discussion in more detail.
(i) Hemispherical Sector Analyser (HSA)
The basic form of the HSA is shown in Figure 3.8 [113]. Two hemispheres of radii Rj and 
R2, inner and outer respectively, are positioned concentrically. Two potentials (-Vj and -V2) 
are applied to the inner and outer hemispheres with V2 being greater than V,. This creates 
a median equipotential surface between the hemispheres of radius Rq and the source and 
focus lie on the centre of curvature. Electrons leaving the sample are often transferred to 
the focal point of the analyser by a lens assembly. At this point they are either pre-retarded 
electrostatically before entering the analyser or, depending upon analyser design, are 
retarded at the mid point of the lens or by the analyser itself.
5  s l i t  p la te  F  s l i t  p l a t e
w id th .  Wi  w id th .  w 2
Figure 3.8 Schematic cross section of a hemispherical sector analyser (HSA)[115].
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The HSA is combined with an electron retardation stage to enable the resolution necessary 
for XPS. Electron analysers can be controlled in two ways. Firstly the analyser can be 
operated in the constant analyser energy (CAE) mode and secondly in the constant retard 
ratio (CRR) mode. For CAE a constant voltage is applied across the hemispheres which 
only allows electrons of a certain energy to pass into the analyser (pass energy). In this 
mode of operation the energy resolution is constant across the entire energy range. This is 
the most commonly used mode of operation for XPS and typical values of pass energies 
are 10, 20, 50, 100 and 150 eV. To acquire a spectrum the retarding field potential is 
ramped thus allowing a range of different binding energy electrons to enter the analyser and 
subsequently be detected by the electron detector(s) at the output slit of the analyser. In the 
CRR mode the voltages applied to the analysers hemispheres are ramped with the energy 
of the spectrum such that the ratio of electron kinetic energy to pass energy remains 
constant, this constant is referred to as the retard ratio of the analyser and typical values 
used are CRR = 2, 4, 10 and 20. This results in the pass energy varying along the spectrum 
and this is easily demonstrated by considering a CRR =10; at a kinetic energy of 100 eV, 
the pass energy will be 10 eV (good spectral resolution/low transmission) whilst at 1000 
eV the pass energy will have increased to 100 eV (lower spectral resolution/high 
transmission). The variation in pass energy is especially useful for AES as the transmission 
is low for low energy electrons, this helps to suppress the high yield of electrons at the low 
kinetic energy end of the spectrum.
Electron dispersion as a function of energy occurs between the two hemispheres, this results 
in both an energy dispersive and a non-dispersive plane. Electrons are energy analysed in 
the dispersive plane due to the electric field applied to the two hemispheres. The non- 
dispersive plane, at a right angle to the dispersive plane, contains no energy information, 
however, one dimensional spatial information is retained and this is the basis of energy- 
distance (E-X) plots. These are discussed in more detail in Section 3.1.9.3.
3.1.8.4 Energy Resolution
Energy resolution can be defined in two ways, either as absolute resolution or relative 
resolution.
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(i) Absolute resolution (AE)
The energy resolution of an XPS system is usually defined in terms of the full width at half 
maximum (FWHM) height of a chosen peak (AE) or sometimes as AEb, the base width of 
such a peak (base resolution), where ideally AEb = 2 AE.
(ii) Relative resolution (R)
This is defined as R, the ratio of AE to the kinetic energy of the peak position E0 which 
is normally measured at the midpoint of the peak position.
A FR = --------------------- Equation 3.22
E0
The absolute resolution is specified independently of peak position while the relative 
resolution is a function of the peak position and can only be specified by reference to a 
particular kinetic energy.
The need for high spectral resolution is paramount to the accurate measurement of binding 
energies and hence determination of chemical state information. The total energy resolution 
(spectral resolution) (AE) in a photo electron spectrum consists of three factors; the analyser 
resolution (AEa), the natural linewidth of the exciting radiation (AEX) and the intrinsic 
width of the photoelectron line (AEP). These three terms are combined assuming a Gaussian 
distribution to give the following simple equation (Equation 3.23):
AE= ( AEa + AEx + AE^ )0jS Equation 3.23
The photo electron line width (AEp) is dominated by final state effects, in particular peak 
broadening which occurs as a result of the core hole lifetime (10'15s) [113]. The linewidth 
of the X-ray (0.85 eV for AlKoq) has been discussed above in the section on X-ray sources 
and monochromated XPS. The contribution from analyser broadening will be discussed in 
more detail here.
3.1.8.5 Analyser Energy Resolution (AEa)
To enable chemical state information to be determined (essential in XPS) it is necessary 
to have suitably high energy resolution. The energy resolution, often referred to in terms 
of the resolving power (1/R) must also be the same across the entire spectrum to enable 
features to be distinguished irrespective of their kinetic energy. Therefore, in XPS, it is
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necessary to have the same absolute resolution (AE) at all energies in the spectrum. For 
AIKa, radiation (0.85 eV line width) an absolute resolution of about 0.5 eV is required 
throughout the spectrum (0-1500 eV) to extract chemical state information only limited by 
the X-ray line width and some instrumental broadening [113].
To achieve absolute resolution (AE) = 0.5 eV
(E0) ‘ = 1500 eV
requires Relative resolution (R) = 0.5/1500 = 3.3x1 O'4.
This is not easy to achieve without using a very large analyser (Equation 3.24). Retardation 
of electrons to a constant energy (pass energy) as they enter the analyser is therefore 
common practice in XPS as described above. This enables the same absolute resolution to 
be obtained for a lower relative resolution, ie at a pass energy of 10 eV (typical for high 
resolution core line spectra) an absolute resolution of 0.5 eV only requires a relative 
resolution of 0.05 which is easy to achieve.
The relative resolution (R) is related to the spectrometer slit width and the size of the 
analyser by the following expression [112].
R = AE = 0.62 W Equation 3.24
Eo Ro
Where AE = absolute resolution (eV)
E0 = kinetic energy of electron in analyser (eV)
W = slit width (m)
and Rq = mean radius of the analyser (m).
For a fixed analyser size at a given pass energy there is a direct relationship between the 
absolute resolution and the slit width. The ESCALAB Mkll used predominantly in this 
study has an analyser with a mean radius of 150 mm and a slit of dimensions 1 5 x 6  mm. 
This gives values of absolute resolution of 1.2 eV @ 50 eV pass energy and 0.5 eV @ 20 
eV pass energy.
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3.1.9 Small area XPS (SAXPS) and imaging XPS (iXPS)
Analysis from a small area and imaging XPS has been discussed by several authors 
[114,115,116,117] and a review of the main techniques will be given below. Particular 
emphasis will be given to the Scienta ESCA300 and the VG ESCALAB 220i spectrometers 
as these have been used in this study to give analyses with high spatial resolution. There 
are two main methodologies for obtaining analysis from a small area, these are the defined 
collection system (DCS) and the defined source system (DSS) although on modem 
spectrometers a combination of both approaches can be used.
3.1.9.1 Defined collection system (DCS)
Here, a large area of the sample is irradiated with X-rays but photoelectrons are only 
collected form a selected area. A simple method for performing this was developed by 
Keast and Downing [116] using a Kratos ES300 spectrometer. In this method an earthed 
tube is placed between the specimen and the collimator thus restricting electrons from 
entering the analyser to those originating from a particular area on the specimen. A tilted 
(45°) electron shield blocks any signal from electrons emitted elsewhere on the specimen, 
the underside of this shield is mirrored thus allowing positive identification of the area 
analysed to be obtained. The spatial resolution attained in this method is equal to the 
internal diameter of the collimator and a 700pm collimator has been used successfully. In 
theory, reducing the collimator size further would result in improved spatial resolution, 
however, much of the electron flux is lost in the tube (as a result of scattering or 
absorption) and this makes the technique a rather inefficient route to SAXPS as poor 
counting statistics limits this techniques final resolution [115]. Seah and Smith also 
developed a DCS using a VG Scientific ESCALAB Mkll. They used a pre-lens scanning 
unit to obtain a spatial resolution of 250pm for a 1mm aperture and 150pm resolution with 
a 0.5mm aperture although the count rate for the smaller aperture was much reduced (by 
a factor of 4).
An alternative DCS uses an electron transfer lens to project a real image of the sample onto 
a small aperture placed in the input plane of the electron energy analyser. If  carried out 
before retardation then the analysis area is defined by the virtual image at the specimen and 
in the magnifying mode, the analysis area is defined as the aperture area to lens 
magnification ratio. Yates and West [118] used such a system on a VG Scientific
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ESCALAB Mkll to obtain spatial resolution of 100 pm.
3.1.9.2 Defined source system (DSS)
Here, the area of X-ray irradiation is reduced and a maximum yield of photoelectrons is 
analysed by arranging a high solid angle of collection. Several methods of achieving a 
small X-ray footprint are available, a number of which are discussed below.
(i) Collimation of the source
One or two apertures are placed between the sample and the analyser resulting in 
collimation of the beam. To produce a spatial resolution of 100 pm using a single aperture, 
it must be placed within 2 mm of the sample and this results in a x5000 reduction in 
intensity. Using a double aperture system, for similar resolution, the X-ray intensity is 
reduced by a factor of x500,000. Such a high loss in X-ray flux prevents this technique 
from being used widely in practice as intense synchrotron sources are needed to provide 
a suitable X-ray flux.
(ii) Focusing the X-ray source by a zone plate
A carefully designed zone plate can act in the same way as a lens allowing a small source 
of X-rays to be imaged in a demagnifying form on the sample. A collection solid angle of 
0.08 steradians can be achieved, however, further transmission losses of a few percent 
occur for the first order diffraction image. Despite such losses, it is possible to produce a 
100 pm spot of X-rays on the sample with a reduction in count rate of only x200. Initially 
this seems better than previously described methods, however, care must be taken to 
eliminate the higher and lower order images from the zone plate. Consequently this method 
is also seldom used on lab systems.
(iii) X-ray focusing using a crystal monochromator
X-ray monochromators are used in XPS to give better spectral resolution, for example 
separating the Ko^ component from the AIKa doublet reduces the line width from 0.85 eV 
to about 0.4 eV. However, monochromation also has the advantage of enabling X-rays to 
be focused. The X-ray source is placed at one point on the Rowland sphere and the quartz 
crystal (used for AIKa) at another. X-rays are dispersed by diffraction and refocused at a 
further point on the sphere where the sample is placed. For a sphere of 0.5 m diameter,
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energy resolution around the sphere is about 1.6 mm/eV, therefore to gain an advantage 
from using a monochromator, it is necessary to use a finely focused electron beam on the 
anode. Beam sizes below 10 pm have been achieved in this way, however, because only 
a small proportion of the total X-ray emission is selected in a monochromator, the photon 
flux available on the sample is much less than for a normal achromatic source for the same 
power dissipation.
The Physical Electronics Quantum 2000 spectrometer achieves imaging XPS with 10 pm 
spatial resolution by rastering the electron beam on the X-ray monochromator anode 
material to give a rastered X-ray beam. This technique has the advantage of being capable 
of running at a higher X-ray power (compared to a stationary focused electron beam on the 
anode) as heat dissipation is improved due to the rastering of the electron beam on the 
anode (cf rotary anode).
(iv) Imaging using a hemispherical analyser
The technique of imaging by means of the double focusing properties of a spherical 
analyser allows a one dimensional image (line scan) to be produced at the output position 
which is normally occupied by an aperture and electron detector. Replacing this with a two 
dimensional position sensitive detector (PSD) allows positional information to be obtained 
in the non-dispersive plane of the analyser and energy information in the dispersive plane. 
A 2-D map can be produced by means of a series of line scans, the spatial resolution of 
which being defined by the accuracy of the PSD. Using this approach, Gurker et al [119] 
have reached a spatial resolution of about 300 pm. A major limitation of this method is the 
convolution of energy and spatial resolution in the dispersive plane of the analyser. Despite 
this limitation such line scans or Energy-Distance (E-X) scans have been used with success 
on the Scienta ESCA300 [120,121].
The preceding coverage regarding different aspects of spectrometer design, in particular 
spatial resolution, have been very generalised and relate to many commercial, and non 
commercial systems. The following sections relate specifically to two commercially 
available spectrometers capable of high spatial resolution. Both the Scienta ESCA 300 and 
the VG Scientific ESCALAB 220i are discussed in more detail as they have been used as 
part of this study.
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3.L9.3 Scienta ESCA 300 spectrometer
This spectrometer utilises a rotating anode which has improved heat dissipation and 
therefore can be operated at a higher power (8 kW maximum electron beam), this results 
in a very high X-ray flux. The anode consists of a 300 mm diameter water cooled titanium 
alloy disc operating at typically 10000 rpm. When combined with the 7 focusing 
monochromator crystals, this produces a high flux of monochromated aluminium X-rays 
which are focused at the sample into a line of ~0.5 mm wide x 6 mm long. Photo electrons 
from the sample are collected by a multi element lens and are focused to a slit/aperture pair 
at the entrance plane of the hemispherical sector analyser (HSA). This slit is arranged 
parallel to the X-ray line on the sample. The lens can be operated in two modes, one 
offering high transmission and the other high spatial resolution. For the latter, a pre-lens 
is introduced by means of a linear motion manipulator. This lens offers magnification of 
xlO for 500, 300 or 75 eV pass energy or x26 for 150 eY pass energy. Operation with only 
the main lens gives high electron transmission but rather poor spatial resolution (~500 pm). 
The analyser is very large compared to other spectrometers (300 mm mean radius with 100 
mm between the hemispheres) and as such gives improved energy resolution (Equation 
3.24) and electron transmission (ie, for a given energy resolution (R), the slit width (W) 
can be increased in proportion to Rq, Equation 3.24. Increasing the slit width results in a 
greater number of photo electrons entering the analyser and therefore improves overall 
spectrometer transmission). Electrons are then collected by a multichannel detector 
consisting of two 40 mm diameter micro-channel plates, a phosphor screen and a charge 
coupled device (CCD) camera. An schematic of the instrument is given in Figure 3.9.
Figure 3.9 Schematic of the Scienta ESCA300 spectrometer [121].
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The dimensions of the analysis area perpendicular (X) and parallel (Y) to the slit are given 
by the following expressions:
Y = -?? ? - -   + F(S) Equation 3.25
Magnification
Y = —Slit length + Equation 3.26
Magnification
Where F(S) is a function of the spatial resolution of the spectrometer determined by lens 
aberrations and the spatial resolution of the detector. As spherical abberations of the lens 
are rather small the spatial resolution has been shown to be approximately 25 pm [121]. 
In the ESC A 300 spectrometer the effective length of the slit may.be reduced by software 
control. Typically, for an E-X scan with a 0.8 mm slit width, the analysis area displayed 
in the plot produced is given as 350 pm x 130 pm (ie, 80 pm + 2x25 pm).
An XPS spectrometer with electron transfer lens, HSA and multichannel detector can be 
used for microanalysis due to the following points:
(1) The input lens forms a magnified photoelectron image of the X-ray spot on 
the sample at the entrance plane of the analyser. Part of this image is then 
selected for further analysis by the entrance slit.
(2) The image at the entrance plane of the analyser is focused to the exit plane 
with a magnification of -1 and dispersed in energy across the exit plane.
(3) A two dimensional map is formed at the multichannel detector, representing 
photoelectron energy versus position along that part of the sample selected 
by the entrance slit (an E-X plot)[121].
These principles have been described in detail by Gurker et al [119] and are illustrated in 
Figure 3.10.
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Figure 3.10 Schematic showing the imaging properties of the spherical analyser (After 
Gurker [119],
A single point on the specimen is depicted by the HSA for mono-energetic electrons of 
energy Ej into a single point on the detection plane (a). When electrons with a second 
defined energy (E ^ E J  are emitted, two points appear separated in the direction of energy 
dispersion (b). Emission of electrons with a range of energies (continuous energy 
distribution) results in a line in the direction of energy dispersion (c). This is further 
described by Beamson et al and an example is provided for emission from gold lines on 
a silicon wafer, this example is given in Figure 3.11 [121].
A u
S i
Figure 3.11 E-X plot obtained from gold lines on a silicon wafer [121].
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This demonstrates how both spatial and spectral information can be displayed on the same 
plot and E-X plots enable both chemical and spatial information to be gained from one 
analysis. They are produced by plotting binding energy against position with the peak 
intensity being represented as a heat scale on the z-axis (normal to the page) and Figure 
3.12 indicates how they are related to a complete spectrum and position on the specimen.
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Figure 3.12 Schematic diagram showing the creation of an E-X plot.
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A montage of spectra can also be re-created from an E-X plot to show more clearly any 
change in chemical state across a sample, the methodology for performing such plots is 
demonstrated in Figure 3.13.
G O
&
c p
W
><
GOO
5 't—t“O
£3 o o
GOCP
1-1
CP
C/3
o
*—b  
GO
o Energy Range (Binding Energy,eV)
So
£Qrq
CP
o
GO*d
CPon£3
Figure 3.13 Schematic diagram showing the creation of a montage from an E-X plot.
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3.1.9.4 VG Scientific ESCASCOPE/ESCALAB 220i
The problems associated with spatial resolution being lost in the HSA can be overcome by 
the use of two quasi static Fourier transform lenses [122]. These allow x-y information at 
the input slit of the HSA to be converted to angular information. This is retained at the 
output slit of the energy analyser and converted back to x-y information by the second 
Fourier transform lens. The basis behind such Fourier transform (FT) optics is illustrated 
in Figure 3.14. Usihg conventional optics (optical or electrostatic lens) an inverted image 
is produced with a set magnification. Using Fourier optics a diffraction image is produced 
at distance equal to the focal length (f) away from the sample. Electrons emitted from 
different points on the sample form at this diffraction image at the entrance to the energy 
analyser. As electrons pass through the analyser spatial information is retained as angular 
information. After being energy analysed a second Fourier transform lens converts the 
energy analysed signal which contains angular information back to a signal containing 
spatial information. This enables both spectral and spatial information to be retained in the 
image.
Fourier Transform (FT) Optics
Spatial information Spatial information
Object
Angular information
Focusing element 
eg Hemispherical
Analyser — -
/
N *v '**-** v* /
/ > -
/ . x * '
Diffraction \  
Image
Real image
1st FT lens 2nd FT lens
Figure 3.14 Schematic showing the imaging capabilities offered by Fourier transform 
optics.
This approach is the basis of the VG ESCASCOPE and spatial resolution of 10 pm has 
been achieved on this spectrometer [122]. An advantage of this system is that parallel 
acquisition of all spatial information allows high photoelectron yields and hence good
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counting statistics. The Fourier transform lens configuration used in the ESCASCOPE, has 
more recently been incorporated in the ESCALAB 220i [123], This spectrometer is the 
current flagship of VG (Fisons Instruments) and the XL version which incorporates a 
magnetic immersion lens near the sample surface boasts sub micron resolution, the highest 
ever offered on a commercial XPS spectrometer. A schematic showing the analyser and 
lens assembly of this spectrometer is shown in Figure 3.15.
FIELD OF VIEW
APERTURE
OBJECTIVE APERTURE
3.15 Schematic of the analyser and lens assembly for the VG Scientific ESCALAB 220i
[123].
The objective lens collects photo electrons from the sample and presents a real image of the 
sample, magnified 4 times, in the object plane of the second lens. The second lens also 
provides a 4 times magnification resulting in a real image magnified by 16 times being 
formed at the field of view (FOV) aperture. A quasi Fourier transform lens is positioned 
between the FOV aperture and the object plane of the energy analyser. This results in 
electrons leaving from various points on the sample surface entering the analyser at a 
different angle, this angular information is maintained on the electrons' passage through the 
energy analyser. Electrons from the sample pass through the output plane of the analyser 
at different angles but are displaced along the dispersion axis according to their energy. 
This allows an energy spectrum, independent of spatial features on the sample, to be
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collected at the output plane. This is achieved on current spectrometers by using 6 
channeltrons arranged about the centre point along the dispersion axis. The signal from all 
6 channeltrons is collected by counter timer circuits in the interface of the data system. 
Some electrons are allowed to pass through an aperture at the centre of the analyser output 
plane and are received by a second Fourier transform lens. This lens inverts the 
transformation produced by the first Fourier transform lens and recreates a 2-dimensional 
energy filtered photoelectron image of the sample surface on a 2-D PSD. The kinetic 
energy of all electrons comprising the image on this detector can be selected by varying 
the retard potential on the analyser and the pass energy. It is therefore possible to select 
photoelectrons from elements of interest on the surface and obtain chemical images with 
high spatial resolution.
A recent development by VG Scientific (1995) has enabled time of flight secondary ion 
mass spectrometry (ToF-SIMS) to be performed on a modified VG Scientific ESCALAB 
220i spectrometer. This is achieved by utilising the electrostatic field in the hemispherical 
sector analyser (HSA) to energy compensate ions of varying energy in a manner similar to 
the Poschenrieder analyser, section 3.3.7.2. Ions disperse in both energy and time in the 
analyser and ions of different energies take different paths between the two analyser plates. 
The mass of ions detected is dependent only on the time taken in the analyser and can be 
determined using fast counting electronics. The addition of a pulsed ion gun, an extractor 
plate and suitable counting electronics enables the ESCATOF design to be fitted 
retrospectively on any ESCALAB 220i and multi technique analyses to be performed on 
a sample without breaking UHV.
3.1.10 Experimental Operating Conditions
In the course of this study three different X-ray photoelectron spectrometers have been used 
to analyse a variety of samples. The majority of the work has been performed on a VG 
Scientific ESCALAB Mk II spectrometer as this spectrometer is based in house at Surrey 
and offers excellent routine analysis. However, the need for higher spatial resolution to 
resolve local features necessitated the use of a VG ESCALAB 220i which offers small area 
analysis as well as imaging XPS. This spectrometer was made available by BP Research 
at Sunbury as part of the author's EPSRC CASE award. Both small area and imaging XPS 
were performed on this machine, however, the lack of an X-ray monochromator prevented
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very high spectral resolution from being obtained. To obtain both high spatial and spectral 
resolution a Scienta ESC A 300 spectrometer was used. This spectrometer is based at the 
RUSTI (Research Unit for Surfaces, Transforms and Interfaces) facility at Daresbury 
Laboratory.
3.1.10.1 VG Scientific ESCALAB Mkll
This spectrometer hosts a 150° hemispherical sector analyser (HSA) and a twin anode X- 
ray source offering both AIKa and MgKa radiation (1486.6 eV and 1253.6 eV photon 
energy respectively). Standard analysis conditions used on this spectrometer are given in 
Table 3.2 for both survey spectra and high resolution spectra used for quantification and 
peak fitting. During analysis the pressure in the analysis chamber was maintained below 
10'9 mbar. Any deviation from these standard operating conditions will be given in the 
results section at the appropriate point.
Acquisition Parameters Survey Spectrum High resolution spectra
X-ray energy: hv/eV
AIKa 1486.6 1486.6
MgKa 1253.3 1253.3
X-ray Anode Power: kV/mA (W)
AIKa 12 kV/34 mA (408 W) 12 kV/ 34 mA (408 W)
MgKa 12 kV/20 mA (240 W) 12 kV/20 mA (240 W)
Analyser Pass energy/eV 50 20
Channel width/eV 1.0 0.2
Dwell time/ms 200 200
No. of scans 1 5/10/20
Table 3.2. Typical Acquisition Parameters for the VG Scientific ESCALAB Mkll
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3.1.10.2 VG Scientific ESCALAB 220i
Spectra were acquired using a constant analyser energy (CAE) as this enabled easy 
quantification using known sensitivity parameters. Images were obtained using a constant 
retard ratio (CRR) as this is a requirement of the spectrometers design. Imaging was 
performed at zooms 1 and 2 giving a field of view (FOV) of 630 pm and 1000 pm 
(diagonal) respectively. During imaging, the objective acceptance angle aperture was fully 
closed to give maximum spatial resolution at the expense of counting sensitivity and to 
obtain suitable counting statistics, image sets were typically acquired overnight. Standard 
operating conditions are given in Table 3.3.
Acquisition
Parameters
Survey Spectrum High resolution 
spectra
Imaging
X-ray energy
AlKoc:hv/eV 1486.6 1486.6 1486.6
X-ray Anode Power: 15 kV/20 mA 15 kV/20 mA 15 kV/20 mA
AIKa: kV/mA (W) (300 W) (300 W) (300 W)
Pass energy/eV 
/ Retard ratio
100 40
CRR 4
TOA 90° 90° 90°
Channel width/eV 1.0 0.1 0.2
Dwell time/ms 100 200 variable
No. of scans 1 8 variable
Analysis Area SAX 2 « 1.3 mm 
spot
SAX 2 » 1.3 mm 
spot
630/1000 pm
Table 3.3. Typical Acquisition Parameters for the VG Scientific ESCALAB 220i
Prior to imaging a brief real time image was acquired to confirm correct sample 
positioning. Images were then quantified using an in house protocol developed by Harrison 
and Hazell at BP [124]. This quantification routine uses modified sensitivity factors (for 
CRR 4 rather than CAE) and quantifies each pixel as data is transferred from the PC
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(personal computer) based VG Eclipse software to a Sun workstation operating VG Horizon 
software.
3.1.10.3 Scienta ESGA 300
When analysing insulating samples the spectrometers software controlled electron flood gun 
was utilised to obtain the peak of interest at the correct binding energy with minimum peak 
width.
Acquisition
Parameter
Survey Spectrum High resolution 
spectra
Imaging
X-ray source 
AlKoc:hv/eV 1486.6 1486.6 1486.6
X-ray energy 14 kV/200 mA 
( 2.8 kW)
14 kV/200 mA 
( 2.8 kW)
14 kV/200 mA 
( 2.8 kW)
Monochromated YES YES YES
Pass Energy/ eV 300 150 150
TOA 90° o o oO0\
Analysis area Main lens — 6.0 x 
0.5 mm
Main lens = 6.0 x 
0.5 mm
E-X scan = 3.55 
mm x 130 pm
Table 3.4. Typical Acquisition Parameters :'or the Scienta ESC A 300
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3.2 Auger Electron Spectroscopy (AES)
3.2.1 Introduction
Auger electron spectroscopy, named after Pierre Auger who first detected Auger electrons 
in a cloud chamber, has many similarities with XPS as both techniques involve electron 
attenuation and energy analysis of the emitted electron. Auger electrons can be ejected by 
irradiation of a sample with a finely focused electron beam, thus unlike XPS (where 
focusing X-rays is complex, costly and gives low flux) AES enables small area analysis to 
be performed easily.
3.2.2 Basic principles and theory of AES
The principle of electron induced Auger emission is outlined in Figure 3.16. Excitation via 
an electron source results in the ejection of a core electron as in XPS. Once an atom has 
been ionised it must return to its ground state, this can be achieved either by the emission 
of an X-ray photon, alternatively, the core hole may be filled by an electron from a higher 
energy level. This results in an unstable system and to comply with the conservation of 
energy an Auger electron is emitted from the atom. X-rays produced in this process can 
also offer analytical information and such emission is the basis of electron probe 
microanalysis (EPMA). This technique is carried out in many electron microscopes (and 
some surface analytical instruments) by either energy dispersive (EDX) or wavelength 
dispersive (WDX) X-ray detectors and offers relatively bulk sample analyses (order of 
microns). The relative yield of X-rays to Auger electrons depends on the atomic number 
(Z) of the specimen, a higher Auger yield being obtained from elements with a low atomic
minib er Ejected L2,3 electron
(KL2,3L2,3 Auger electron)
A
-------------------------- vacuum
_________________ Fermi level
/ / / /  / /  y ' / / /  / /  valence band
L 2 3  — •  O  •  O ------------ -------
LI  V  • ----------
\  L2,3 electron fills K shell vacancy
K ---------- e—•------
Figure 3.16 Schematic of the Auger process.
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In Figure 3.16 a K shell vacancy is filled by an electron from the L band (L23) and the 
subsequent Auger electron emitted also originates from this band. This results in the 
nomenclature K,L23L23 being used to describe the ejected Auger electron, as this method 
identifies the processes resulting in its ejection. The kinetic energy of an Auger electron 
is approximately equal to the difference between the energy level of the core hole and the 
energy of the two outer electrons (EL23) and is given in Equation 3.27.
E^t t ~ E^ -  Et -  Er Equation 3.27
* ^ 2,3^2^ ^ 2,3 L%3
This equation is clearly an approximation as it does not consider interaction energies 
between core holes in the final atomic state. It also neglects inter and extra atomic 
relaxation energies which arise due to additional core screening. Although this is an 
approximation of the kinetic energy, a detailed analysis of Auger energies will not be given 
here and the reader is referred to several standard texts for a more comprehensive analysis 
of Auger kinetic energies [86].
Once again, only a brief description of the salient points regarding this technique will be 
given below. The main advantage of AES over XPS is the increased spatial resolution. 
Primary electrons from the exciting electron beam interact with the specimen surface and 
near surface ionisations produce a resultant interaction volume. As for XPS, it is not the 
depth of this interaction volume which determines the analysis depth as this is governed 
by attenuation of the outgoing Auger electrons. Once again this is determined by the Beer 
Lambert Expression (Equation 3.15) where an appropriate value of the inelastic mean free 
path is used for the kinetic energy of the Auger electron detected. A schematic of the 
interaction volume for primary electron beams of different energies is given in Figure 3.17.
P rim ary  E le c tro n  
B e a m
C h a r a c te r i s t i c  X -ra y s
A u g er  E le c tr o n s  
(1 - 1 0  a to m  la y e r s  )
• ip m
Figure 3.17 Escape depths for Auger electrons and X-rays at various primary electron 
beam voltages. Approximate depths for chromium, after Cohen [125].
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As can be seen from Figure 3.17, the spatial resolution for AES is predominantly 
determined by the diameter of the primary electron beam as there is little broadening within 
the low analysis depth for AES. Spatial resolution for the spectrometer used in this study 
(VG Scientific MA500) is dependent on the primary electron beam current used and has 
been shown to vary in accordance with Equation 3.28 [126].
d = 66 v/i Equation 3.28
Where d = beam diameter (nm)
and i = beam current (nA).
Therefore, for a typical beam current of 20 nA, a beam diameter of about 300 nm is 
achieved. This is superior to even modem state of the art XPS spectrometers and modem 
AES instruments can offer spatial resolution down to about 20 nm for a beam current of 
1 nA.
A major limitation of AES is the charging problem which arises when analysing insulating 
samples. If the total current reaching the specimen is greater than the total current of 
emitted electrons the specimen will charge negatively. To avoid excess charging it is 
therefore necessary to balance the incoming electrons with the combined current of emitted 
electrons. The simplest method is to increase secondary emission by rotating the sample 
such that the incoming electron beam is at a glancing angle with the specimen surface. The 
effect of incident angle on the secondary electron yield is shown in Figure 3.18. However, 
this approach may not be suitable for surfaces with high levels of topography. A second 
approach is to reduce the energy of the primary electron beam and this effect is also 
indicated in Figure 3.18. For most insulators there will be an energy range over which the 
secondary yield is greater than unity (ie the total secondary emission current is greater than 
the incident beam current). This will result in the sample charging by a few eV positive 
before equilibrium is established and a reasonable Auger spectrum can be obtained. A 
limitation of operating at a low primary beam energy is that the energy may be too low to 
excite many useful Auger peaks .
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Figure 3.18 Secondary electron yield curve as a function of both the primary electron 
beam energy and the angle of incidence (relative to the sample surface). 
After Bishop [127].
3.2.3 Spectral Interpretation
Figure 3.19 (a) shows a typical direct Auger spectrum for steel, Auger electrons appear as 
peaks on a smooth background which is formed by back scattered electrons [127]. This 
intense background can prove problematic if the element of interest is present in low 
quantities as the Auger peak may be difficult to resolve. Due to such problems, Auger 
spectra are often acquired in the differential mode rather than as a direct energy spectrum. 
A comparison between a direct and a differential spectrum is given in Figure 3.19.
Cr
200 400 600 800
Sb
Mo
Fe Fe
200 400 600 800
Electron energy (eV) Electron energy (eV)
Figure 3.19 Auger spectrum from steel specimen: (a) direct E.N(E) spectrum, (b) 
differential spectrum. After Bishop [89BIS].
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Quantitative Auger analysis can be performed in a manner similar to that for XPS. The 
intensity can be recorded by measuring the peak area for a direct spectrum or peak to peak 
heights can be used for a differential spectrum. As with XPS, it is necessary to make 
certain assumptions before quantification can occur and it is assumed that the sample is 
uniform within the analysis depth. A simple route to quantification can be achieved by 
comparing the intensity of an element obtained from a sample to that of a pure standard 
recorded under identical conditions using Equation 3.29 [127].
CA - PA1IE - 1i JT
Equation 3.29
Where CA = approximate atomic concentration (atomic%)
IA = intensity of the Auger signal from the specimen (kc.eV/s) 
and IA°° = intensity of the Auger signal from a pure standard recorded
under identical conditions (kc.eV/s).
This gives a reasonable estimate of the composition but ignores a number of matrix effects 
that can lead to a systematic error of upto 50% in extreme cases.
3.2.4 Scanning Auger Microscopy (SAM)
As electron beams can be focused easily it is a logical step to raster the primary beam 
across the specimen and hence produce an Auger image and this enables chemical images 
to be produced with the highest spatial resolution of any surface analytical technique. 
However, images produced from samples that are not perfectly flat will be affected by 
topography. Due to this, it is essential to normalise the effects of topography in all electron 
spectroscopy techniques and for direct AES the intense background is utilised to this aim. 
The measured Auger intensity has a strong dependence on the angle of incidence of the 
primary beam to the sample, however, the ratio of peak intensity to background intensity 
is almost independent of the incident angle. Auger imaging is usually performed in the 
direct counting mode as low beam currents are necessary to obtain high spatial resolution. 
To produce an image, a software window is set to encompass the Auger peak of interest 
and a second window is set on the background just above the peak. An image of the 
background intensity (B) is similar to the secondary electron image and combines 
information about the surface topography and the mean atomic number of the surface. An 
image produced using a simple Peak - Background algorithm (P-B) shows the variation in
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Auger intensity across the imaged area. However, the normalised intensity from a (P-B)/B 
algorithm has the effect of largely removing topography effects and gives a better 
representation of the distribution of elements at the surface. The benefits of various 
algorithms to correct for topography when imaging "real" specimens have been discussed 
by Baker [128].
3.2.5 Auger Depth Profiling
The combination of AES with sputter depth profiling using an inert gas ion gun enables 
depth profiles to be created. Depth profiling is one is of the most important uses of AES 
as it provides a convenient method of analysing over a depth greater than usually 
obtainable using electron spectroscopies. Depth profiles are usually obtained by performing 
alternate analyses and etches although they can be produced in the "continuous mode". 
During the analysis stage the ion gun is normally switched off and it is common for the 
entire process to be computer controlled. Results are presented as elemental intensity versus 
etch time, this presents a major problem as ideally etch time would be converted to depth. 
It is possible to calibrate ion guns for a particular material, however, this is a time 
consuming process and it is more common to compare the etch rate to that of a known 
standard material (for example the NPL T a ^  standard). Quantification of the depth scale 
is further complicated by the wide variation in etch rates for different materials.
3.2.6 Experimental Operating Conditions
A VG Scientific MA500 Auger spectrometer has been used in this project to characterise 
the fine structure of an inorganic adhesion promoter which is deposited as a result of 
electrochemical activity. AES is ideal for this purpose as it offers very high spatial 
resolution and can easily resolve local features. AES was performed in the direct mode to 
give high spatial resolution spectra, imaging was performed overnight to obtain a good 
signal to noise ratio and Auger images produced have been corrected for topography using 
the (P-B)/B algorithm. The MA500 spectrometer also features an EDX detector and 
therefore allows simultaneous X-ray and Auger analysis. This enables both bulk and surface 
images to be collected simultaneously and this is a feature which proves very useful when 
studying galvanic cells associated with local inclusions present in steel [129] and as such 
has been used to identify the inclusions present in the iron used in this study. Depth 
profiling was performed using a VG EX05 ion gun operating at 3 kV with a specimen
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current of 10 pA. Typical analysis conditions used to acquire spectra are given in Table 
3.5.
Acquisition Parameters Survey Spectrum Imaging
Range /eV 1000-4.2 ie YZ/MM: 1800-1700
Retard ratio 4 4
Channel width /eV 1 1
Dwell time ms /eV 50 1000
Beam energy /kV 15 15
Current /nA 20 20
Magnification x 2000 x 2000
Table 3.5. Typical Acquisition Parameters for the Auger MA500 spectrometer.
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3.3 Secondary Ion Mass Spectrometry (SIMS)
3.3.1 Introduction
The SIMS process was first documented by Sir Joseph J Thomson in 1910 who observed 
positive secondary ion emission from a metal surface when bombarded by primary ions in 
a discharge tube [130]. The first modem SEMS spectrometer was however not built until 
1949 probably by Viebock and it was the 1960's that saw rapid development of the 
technique. The first' spectrometers (known as ion microscopes or ion probes) were used in 
a dynamic fashion where a high flux of primary ions was used to erode the surface very 
rapidly and hence enable surface compositional changes with depth to be monitored 
(Dynamic SIMS). Two types of spectrometer were developed. Castaing and Slodzian 
produced their ion microscope in 1960, here a broad source and defined collection system 
were used to produce spatial resolution of about 1 pm. In 1967 Liebel introduced his ion 
microscope, this used a finely focused rastered ion beam to erode a rectangular crater 
allowing a depth profile or chemical map to be produced.
In the late 1960’s Benninghoven showed that under the correct experimental conditions (a 
low primary ion flux below 1012 ions cm'2) a surface could be analysed before the onset of 
damage. This was achieved, as with a low primary flux, the probability of an incoming ion 
hitting a previously analysed area became very low. The ability to extend surface 
monolayer lifetimes to several hours (or even days) provides a very surface specific mass 
spectrometry and led the introduction of the technique known as static SIMS (SSIMS).
The 1980's saw much improvement in spatial resolution due to the introduction of the 
liquid metal ion source. Such sources operate by field ionisation of metal, such as gallium, 
from a sharp metal tip and allow beam diameters from about 20 nm to be produced with 
very high brightness (1 Acm'2).
Static SIMS not only offers information on elemental composition but also enables the 
chemical structures of surfaces to be determined. This is due to the detection of cluster 
ions, which reflect the surface chemistry in a detailed way, as well as that of elemental 
ions. SIMS analysis enables all elements (including hydrogen) to be detected with very high 
sensitivity and as such has many attractions as an analytical technique. The major limitation 
of SIMS is the relative inability to quantify data produced. Quantification is complicated
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by the very large variation in secondary ion yield (ease of ionisation of a particular species) 
between elements and yields can vary by orders of magnitude [130], In addition to the large 
difference between secondary ion yields, quantification is further complicated by matrix 
effects as the secondary ion yield also varies for the same element depending on its matrix. 
This is highlighted when analysing a metal surface as the secondary ion yield (for positive 
ions) is much higher for the oxide than for the metallic species. An excellent review article 
tracing the development of SIMS since the 1960's is given by Benninghoven [131].
3.3.2 The SIMS process
Bombarding a surface with high energy particles leads to the emission of several species 
including backscattered primary particles, secondary and Auger electrons, low energy 
photons and charged and neutral molecular species. The energy from primary particles 
(ions) is transferred to the sample by a complex collision cascade in a billiard ball type 
process and occasionally collisions result in the emission of atoms or atom clusters from 
the surface (sputtering). This is shown schematically in Figure 3.20 for the interaction of 
a primary argon ion but is equally true for the interaction of a primary gallium ion.
Figure 3.20 Schematic of secondary ion emission (After Plog [132]).
The hard sphere approach has been adopted by Sigmund [133] and is primarily concerned 
with elastic collisions or knock-on sputtering. Three qualitatively different situations exist 
for physical sputtering, these are known as the single knock-on regime, the linear cascade
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regime and the spike regime. These are schematically represented in Figure 3.21 and are 
discussed in more detail below.
Target surface
I n c i d e n t  i o n
Target surface
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3.21 Schematics of sputtering regimes by elastic collisions: (a) The single knock on 
regime (b) The linear cascade regime (c) The spike regime (After Smith [134])
Single knock-on regime
This occurs at t=10"15-10’14 s after primary particle impact. Energy transfer to the target is 
sufficient to generate primary recoils but these generally have insufficient energy to result 
in further recoils. If they are energetic enough to escape the surface such single knock-on 
recoils are ejected and sputtering takes place.
Linear cascade regime
The linear cascade regime occurs due to the internal flux of moving target atoms 
intersecting the sample surface between 10'14 and 10'12 s after primary impact. The spatial 
density of moving atoms is small such that collisions between moving atoms are infrequent. 
This is probably the process most relevant to SIMS.
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Spike regime
This regime occurs 10'12 s after particle impact. As for the linear cascade regime, it is a 
consequence of the movement of recoil atoms. However, the spatial density of moving 
particles is high and as a result the majority of atoms within a certain volume are in 
motion.
A portion of sputtered atoms or clusters become ionised and such secondary ions are 
analysed (mass/charge ratio) by a mass spectrometer. Secondary ions can be either positive 
or negatively charged and most samples tend to produce either a strong positive or negative 
signal and it is common to collect both a positive and a negative ion spectrum. The 
sputtering process itself is still not fully understood and several models have been proposed 
relating to the phenomena and these are discussed in detail in a number of texts 
[130,135,136],
3.3.3 Experimental Parameters
The sputtering process (for static SIMS) is affected by a number of variables and their 
relationship to the secondary ion current of a given element or species (secondary ion yield, 
isM) is given in Equation 3.30 [135],
isM = ipSR*6Mti Equation 3.30
Where ip = primary particle flux
S = sputter yield
R+ = ionisation probability, the probability that a given particle
will be emitted as an ion 
0M = fractional coverage of M
and r\ = transmission of the analysis system.
It is therefore clear that the sensitivity of the technique (for set experimental conditions) 
for a given ion is governed by the sputter yield and the ionisation probability. The sputter 
rate for emission of atoms is much greater than that for ion emission (approximately a 
factor of 103 higher) and this results in it being the primary factor determining the rate of 
surface damage during analysis. The secondary ion yield (sensitivity of SIMS) has been 
shown experimentally to vary in the following manner with various experimental
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parameters:
(a) increases with beam energy,
(b) increases with beam flux,
(c) increases with primary particle mass, and
(d) maximises at an impact angle of about 20° (relative to surface).
3.3.4 Static Conditions (SSIMS)
The very nature of the SIMS process results in the removal of surface material and hence 
introduces damage into the sample. Static SIMS is defined as limiting the level of this 
damage so that the SIMS spectrum is representative of an undamaged surface. The onset 
of damage has been studied by Briggs and co workers by determining the static limit using 
poly(vinyl chloride)(PVC) and poly(methyl methaciylate)(PMMA) surfaces under ion 
bombardment. They used both XPS and SIMS to monitor the surface chemistry and 
therefore determine the damage threshold [137] .I t  was established that a total ion dose of 
1013 primary ions cm'2 was the maximum allowable before new spectral features became 
evident due to bombardment induced effects. The static limit for SIMS is still a contentious 
issue as the early work of Briggs et al was performed using primary beams with particle 
energies in the 1 to 10 keV range [137]. However, metal ion guns which are used on 
modem time of flight (ToF) instruments typically operate at much higher beam energies 
(8-30 keV) and little work has been published on the effect of these higher beam energies. 
One study addressing the effect of energy and mass of the ion beam on damage was carried 
out by Briggs and Heam [138]. They showed that increasing the primary ion mass (He^> 
Xe) increases both the secondary ion yield and the number of cluster ions produced. It has 
also been shown that at higher energies the degradation rate was increased and that it was 
desirable to use a low energy high mass primary ion to obtain a better compromise [137],
3.3.5 Depth of Analysis
Early workers using static SIMS intuitively believed that the analysis depth was at least as 
low as for other more established surface analytical techniques such as XPS [139]. 
However, since this early assumption several workers have attempted to measure the 
analysis depth for SIMS and the question is still open to much debate today. A direct 
estimate of the analysis depth was carried out by Lub and van Velzen [140] and they 
reported an analysis depth of 0.9 nm which is of the order initially considered correct by
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several workers. More recent work by Clark and Gardella has attempted to address the 
question of analysis depth. They used Langmuir-Blodgett (LB) fatty acid films and solution 
deposited films of these materials and molecular ions of the type (M+H)+ and (M-H)' were 
shown to arise from depths of 8.1-9.0 and 13.7-15.0 nm respectively [141]. However, these 
results must be treated with great caution when applying these estimates to analysis depths 
in polymers as LB films are unique materials where long chain molecules stand erect on 
a supporting substrate. Problems arise as LB films are rarely pin hole free and the sampling 
depth seems to be very sensitive to the substrate material used. Despite these major 
limitations there is sufficient evidence to at least question the initial very low analysis 
depths considered for SSIMS. Recent work addressing the analysis depth of elemental ions 
within polymeric materials has been carried out by Short et al [142]. They suggested that 
elemental ions originated from much deeper within polymeric samples previously 
considered and that elemental ions originate from a depth greater than molecular ions.
Work in our laboratory has also questioned the analysis depth of SIMS and a higher 
sampling depth for atomic species under analysis with a high energy primary ion beam (25 
keV gallium ions) has been suggested [143]. It is clear that much more work needs to 
performed in this area to resolve the questions arising regarding the analysis depth for 
SIMS. However, it is considered justified to question the early surface specificity of SSIMS 
with instruments operating with high energy primary ion sources.
3.3.6 Calculation of Prim ary Ion Dose
An accurate calculation of the primary ion dose is essential to ensure that analysis is 
performed in the static region. It is possible to calculate the primary ion dose by measuring 
the continuous primary ion current or by measuring the pulsed primary ion current. 
Although ToF-SIMS analysis performed in this study was undertaken using a pulsed 
primary ion beam, the measurement of a pulsed ion current is more difficult than 
measurement of the primary ion current in the continuous mode, hence the latter method 
was used. The primary ion current was measured using a Keithley model 485 autoranging 
picoammeter with a Faraday cup in the sample position. The design of Faraday cups for 
electron and ion beam current measurements has been reviewed by Gilmore and Seah [144]. 
They conclude that accurate measurements (± 2%) of beam currents can be achieved with 
a simple hole drilled in a sample stub if a hole diameter five times greater than the beam
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diameter and a hole depth of five times the hole diameter is used with a sample biased by 
30 V for electrons and 15 V for ions. The need for an applied bias is reduced as the ratio 
of hole depth/hole diameter is increased and for a 10 mm deep hole with a 1 mm diameter 
the inaccuracy introduced by having no bias is very low. In this study a stainless steel 
Faraday cup has been used with a 1mm hole drilled 10 mm deep, due to hardware 
limitations at the time, an applied bias was not used, however, the error introduced by the 
lack of applied bias should be low for the geometry of the cup used in this work.
Once the primary ion current has been determined, the primary ion dose (O) can be 
calculated using Equation 3.31 [145].
$  = ^  C^ODt Vrised 6.250 Equation 3.31
A
Where A = analysis area (cm2)
Nf = number of frames
P = pulses per pixel
ICont = primaiy ion beam current in continuous mode (nA)
and tpulsed = primary ion beam pulse length (ns)
(1 amp = 6.25 xlO18 ions s'1)
This equation requires the analysis area to be known accurately, it is clear that this varies 
with magnification but it has also been shown that it is affected by the beam energy. A 
study in this laboratory has produced calibration tables enabling the analysis area to be 
calculated and these have been utilised in this work [143]. Once the primary ion beam 
current and the analysis area are known the primary ion dose can be calculated easily.
3.3.7 Instrumentation for SIMS
Two different time of flight SIMS (ToF-SIMS) instruments housed at Surrey have been 
used in this study and this section will concentrate on instrumentation only relevant to these 
spectrometers.
3.3.7.1 Liquid Metal Ion Sources (LMIS)/Metal Ion Gun (MIG)
These sources typically use metals which are liquid near room temperature, for example 
gallium, caesium and indium. One approach to form a primary ion source utilises a needle
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which wets with liquid metal under a high applied potential (relative to an extractor) and 
an intense positive ion emission of liquid metal ions occurs. This results in a very high 
brightness, highly collimated ion source which can be focused and steered by conventional 
ion optics thus enabling imaging to be performed easily. For gallium, a beam consisting of 
both Ga69+ and Ga71+is formed, this necessitates the use of a Wien mass filter which 
separates the isotopes and gives a high brightness Ga69+ primary ion beam.
3.3.7.2 Time of Flight (ToF) Mass Analysers
ToF analysers have been used in SIMS instruments since about 1982 and offer parallel 
detection of a high mass range combined with very high transmission (upto 30% of all 
secondary ions). Two different types of ToF analyser (Poschenrieder and Reflectron) will 
be discussed in this section as the two spectrometers housed at Surrey have one of each 
type, the Poschenrieder design is shown schematically in Figure 3.22.
Chevron channel plate 
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3.22 Schematic diagram of a ToF-SIMS instrument using a Poschenrieder energy 
compensating analyser [130].
This analyser uses a torodial electrostatic field to focus a pulsed angularly dispersed beam 
of ions. Secondary ions are removed from the surface by applying a high voltage to the 
sample, these ions then disperse in time and energy along the drift tube and ions of
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different energies take trajectories of different lengths in the torodial field. Therefore, the 
mass of the ions detected is dependent only on the time taken in the analyser and is 
independent of energy.
The second, more recent, type of ToF analyser is the reflectron type and is shown 
schematically in Figure 3.23.
Detector
Electrostatic
mirror
3.23 Schematic of a energy compensating electrostatic mirror mass analyser.
This type of analyser works on a similar principle to the Poschenrieder but instead of a 
torodial electrostatic field, ions travel through an increasingly decelerating field. Ions are 
then deflected along an offset drift tube to the detector [130,136].
3.3.7.3 VG Scientific Type 23 Reflectron Spectrometer
This instrument is equipped with a single stage reflectron analyser with a 30 keV 
MIG300PB pulsed liquid metal ion source to produce a primary beam of 69Ga+ ions and a 
pulsed electron source for charge compensation. Data acquisition and analysis were 
performed using a VGX7000T data system based on a DECPDP11 computer. The reflectron 
analyser offers both high mass capability and high mass resolution and a resolution of 
M/AM = 4000 @ m/z 29 on thick PMMA has been achieved.
3.3.7.4 VG Ionex IX23L Poschenrieder Spectrometer
This instrument is based on a Poschenrieder design and is also equipped with a 30 keV 
MIG300PB pulsed liquid metal ion source. Data acquisition and initial analysis is 
performed using a VG Ionex VGS 5100 data system based on a PDP11 computer. This 
spectrometer, despite having lower mass resolution, has been used for the majority of SIMS
101
Chapter 3: Experimental Techniques
work in this study as it has the advantage of being interfaced to a PC and as such enables 
spectral interpretation to be performed using a commercial spreadsheet package (Borland 
Quattro Pro 4). This offers a great advantage over the data processing facilities offered on 
the SIMS operating software and it allows spectra to be normalised to their total ion yield 
thus reducing the effect of fluctuations in the primary ion current used.
3.3.8 Experimental Operating Conditions
Typical operating conditions used for both the analysis of silane films and adhesive joints 
are given in Table 3.6 for the Poschenrieder ToF-SIMS.
Primary beam 26 kV 69Ga+ ions
Specimen Current 2 nA
Pulse width 20 ns
Pulse per pixel 32767
Number of frames 50
Magnification x 200
Total ion dose / analysis 5.0 xlO10 ions cm'2
Table 3.6 Typical analysis conditions used on the Poschenrieder ToF-SIMS
The majority of SIMS data recorded on the Poschenrieder has been normalised by dividing 
the intensity of the mass peak of interest by that of the total counts minus gallium counts 
ie [counts in peak]/[(total counts m/z 0-400)-(counts of 69Ga++ 71Ga+)]. This corrects for any 
variation in operating conditions and enables spectra to be compared in a more quantitative 
manner.
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3.4 Molecular modelling
3.4.1 Introduction
Molecular modelling has been used in this work to study the interaction between silane 
adhesion promoters and a hydrated iron surface to determine whether silane molecules 
adsorb in a manner suitable to promote primary bonding. Recent advances in computing 
power have enabled very sophisticated software routines to be run on relatively small 
workstations. Due 'to this a number of commercially available molecular modelling 
packages now exist. Molecular Simulations' Cerius2 software has been used in this work 
and this consists of a modular architecture allowing a range of specific routines to be 
performed. Despite its complexity, a number of limitations still exist. Such packages can 
be used to determine physical interactions between the sorbate and substrate and can offer 
information regarding the orientation and proximity of sorbate molecules on a given 
surface. However, at present they cannot be used to model subsequent chemical reactions 
which occur at the surface. It is therefore necessary to consider the output from such 
packages as the starting point for chemical interactions and it is better to consider sorbate 
orientation (ie is the molecule within bonding distance with the correct end group in place) 
rather than binding energies.
A brief outline of the major molecular modelling routines available with this software 
package will be given below, however, the reader is referred to a number of standard texts 
in this field for further information regarding computational chemistry [146]. Particular 
attention will be given to the routines used in this study to investigate the interaction 
between silane molecules and an inorganic substrate.
3.4.2 Molecular Mechanics
Molecular mechanics enables the geometry of molecular structures to be optimised by 
calculating the total energy using classical mechanics as described by the energy expression 
and is the basis of many modelling routines. The energy of a structure is written as a 
superposition of various 2,3,4... body interactions and the overall description of an N-body 
system in terms of a superposition of simpler terms is known as the energy expression and 
is the heart of the force field. This is an approximation as the exact description would 
involve solving Shrodinger's equation for the electronic wave functions at each geometry. 
A simple analytical expression is used to describe such interactions and allows forces on
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all particles to be determined rapidly. From such forces it is possible to determine the 
optimum geometry using, for example, a conjugate gradient minimisation (molecular 
mechanics) or the dynamics of motion using Newton's laws of motion (molecular 
dynamics).
3.4.2.1 The Energy Expression
The potential energy is described in the energy expression as the sum of various two-, 
three- and four- body force fields. Valence terms describe the forces between bonded atoms 
and the non-bond terms describe the through-space interactions that are not necessarily 
connected [147] ie.
Energy = bond term +
angle term +
torsion term + valence terms
inversion term +
Urey-Bradley term +
van der Waals term +
Coulomb term +
non-bond terms
hydrogen bond term
able 3.7 Contributions to the Potential Energy
Bond term The energy of bonded atoms depends upon the distance, R between them.
In most cases, the bond energy (Eb) is zero when the distance, R is equal 
to the equilibrium bond distance. Therefore, the bond energy is a function 
of the distortion from equilibrium or the strain energy.
Angle term The bond angle term is a function of the angle between two bonds to a
common atom.
Torsion term The torsion energy is associated with the angle between two bonds IJ and
KL which are attached to a common bond JK, Figure 3.24.
L X  
✓ /
Figure 3.24 Schematic showing the definition of a IJ KL torsion angle, (j).
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Inversion For a system containing 4 atoms (three distinct bonds IJ, IK and IL) the
force field may contain terms which are associated with planarising the 
centre atom I.
Urey Bradley Urey Bradley potentials are used to describe interactions between atom 
pairs having 1-3 interactions. These occur for atoms bonded to a common 
atom but not bonded to each other, ie for bonds IJ and JK, the IK 
interaction is a 1-3 type (Figure 3.25).
1-3 interaction
I
Figure 3.25 Schematic showing the atoms involved in a 1-3 interaction.
van der Waals All atoms experience a long range attraction which is proportional to 
1/R6, this term is generally referred to as the van der Waals attraction. 
At sufficiently short distances the interactions of all atoms are repulsive 
due to the overlap of orbitals.
Coulomb Electrostatic interactions act over a relatively long range and their
magnitude is a function of the charges on the atoms present divided by 
the separation between them.
Hydrogen bond Hydrogen bonding occurs as a result of strong interactions of hydrogen 
attached to one atom (such as 0,N  or C) by a polar covalent bond with 
an adjacent atom of high electronegativity (ie O, N or halogens) and is 
an important mechanism for intermolecular interactions.
The force field contains the following information (building blocks) which are essential to 
both energy and force calculations:
atom types, 
atom-typing rules,
functional forms for the components of the energy expression,
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force field parameters,
the Universal force field also has a generator section that calculates force field 
parameters by combining single atom parameters. This enables force field 
parameters for any combination of atom types to be generated as they are required 
by the energy expression.
There are a number'of force fields available within the Cerius2 software used in this study 
and the correct choice is essential if sensible results are to be obtained from energy 
calculations. The Universal 1.01 force field developed by Rappe et al [148] provides an 
excellent general purpose force field and has been fully parameterised for the entire 
periodic table. Its wide applicability to a number of different systems has led to its use in 
this study.
3.4.3 Quantum Mechanics
During molecular mechanics minimisation the atomic coordinates and unit cell (if present) 
are adjusted in an attempt to reduce the molecular energy which is calculated using the 
selected force field expression. There are a number of minimisation algorithms available 
for coordinate minimisation, the conjugate gradient routine has been used here. This 
algorithm converges quickly as it makes use of previous minimisation steps as well as the 
current gradient to determine the next step.
Several methodologies exist allowing charge assignment and geometry optimisation to be 
performed. Semi-empirical molecular orbital calculations use experimentally determined 
parameters and like ab initio methods, are basically quantum mechanical in nature (ie 
attempt to solve Shrodinger's equation for each molecule to determine the molecular 
orbitals). The main difference between semi-empirical and ab initio methods is the 
extensive use of approximations in the former case. Such approximations avoid the need 
to evaluate the large number of terms used for ab initio calculations and the use of 
experimental data to determine the parameters used in the approximations results in 
chemically useful accuracy [149]. Many different variants of molecular orbital packages 
(MOPAC) exist and the reader is referred to reference [149] for a review of several 
routines. In this work the Parametric Method Number 3 (PM3) routine has been used. In 
this routine parameters were optimised using an automatic optimisation procedure which
106
Chapter 3: Experimental Techniques
used a large set of reference molecular data and it has been shown to be a reliable routine 
[149].
In addition to MD, charges can also be determined rapidly using the charge equilibration 
(QEq) method developed by Rappe and Goddard [148]. This method predicts atomic 
charges by considering the geometry as well as the electronegativities of the various atoms 
present. Both molecular conformation and connectivity affects the charge calculation and 
the QEq method can lead to the assignment of unrealistic charges on very high energy 
conformations. This is easily overcome by briefly minimising the molecules before 
calculating charges.
3.4.4 Sorption
A sorption routine is used to simulate sorption of small molecules (sorbates) onto periodic 
surfaces or 3-D frameworks (substrates) and implements rapid Monte Carlo statistical 
mechanics. Monte Carlo methods are probabilistic, rather than deterministic procedures and 
atoms are moved more or less randomly during a simulation. The metropolis Monte Carlo 
technique is frequently used for simulation of a molecular system, typical steps are given 
below [146]:
1 Randomly select an atom (or molecule) and move it by a random 
displacement Ax, Ay and Az.
2 Calculate the change in potential energy AV  after displacement of the atom 
(or molecule).
3 If AV < 0, accept the new position
4 If AV > 0, select a random number i between 0 and 1.
If the change in energy resulting from the move is negative (AV < 0) the new position is 
accepted. However, if the potential energy increases (AV > 0) it is necessary to perform a 
form of selection to determine whether the new position will be accepted. Some moves 
which give rise to an increase in the potential energy must be allowed to enable the system 
to overcome local energy minima and determine a global energy minimum.
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If the move results in an increase in energy the simulation scales the change in the potential 
energy using the Boltzman distribution. This has the affect of producing a probability term 
[exp (-AV /kT)] between 0 and 1 for positive values of AV. The position is only accepted 
if the probability term is greater than a randomly selected value, i. The fate of the move 
is determined by the following expressions:
(a) ' If exp (-AV /kT) > i, accept the new position.
(b) If exp (-AF/kT) < i, keep the original position and resume at step 1.
Where k is Boltzman's constant (1.38 xlO'23 JK'1)
As the simulation proceeds, a large set of configurations are generated and are saved to a 
trajectory file. Total energy is monitored as a function of the number of steps and the 
process is continued until an energy plateau is reached. On completion of the simulation, 
configurations saved to the trajectory can be analysed and the resultant low energy system 
can be extracted from the file.
The displacement step size (ie Ax) needs to be carefully selected as it is essential that the 
sorbate travels across enough of the substrate surface while still having a low enough step 
size to finally enable it to minimise the total energy by finding a minimum energy loading 
site.
3.4.5 Molecular Dynamics (MD)
Unlike Monte Carlo, molecular dynamics is a deterministic procedure and applies 
Newtonian laws of motion to atoms in the system in an attempt to determine the most 
stable conformation. A MD simulation is performed by initially assigning velocities to 
atoms and integrating Newton's equations of motion over time for the molecular system.
3.4.5.1 Types of dynamics
Most natural phenomena occur under variable conditions and systems are usually exposed 
to external pressure and/or exchange heat with the surrounding environment. Such 
conditions result in the total energy of the system no longer being conserved and extended 
forms of molecular dynamics are required. Several types of equilibrium molecular dynamics
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exist including:
constant volume, V 
constant energy, E 
constant pressure, P 
constant enthalpy, H 
constant temperature, T 
constant pressure/volume, P/V.
Two main types of MD exist, these are adiabatic (do not exchange heat) and isothermal 
(exchange heat with a thermal bath). Two options exist allowing adiabatic MD to be 
performed; constant NVE and constant NPH where N is the number of atoms. Isothermal 
dynamics (NPT and NVT) differ from adiabatic as energy is exchanged with a heat bath 
to maintain a constant thermodynamic temperature. Isothermal dynamics offers advantages 
over adiabatic methods as it enables conformational space to be sampled by taking energy 
from the heat bath to overcome rotational barriers.
Three further variations (quench, anneal and impulse dynamics) also exist which can be 
used in conjunction with equilibrium dynamics methods.
Quench dynamics combines periods of dynamics with a "quench" period during which the 
structure is minimised. The quenched structure can be saved to a quench trajectory file. The 
time between quench periods and the number of minimisation steps per quench can both 
be specified by the user.
Anneal dynamics involves altering the temperature with time from an initial to a final 
temperature and back again. After each cycle, the lowest energy structure can be minimised 
and saved as a trajectory file. This routine allows the energy of a structure to be gradually 
minimised and helps to avoid structures associated with a local energy minimum.
Impulse dynamics allows initial directional velocities to be assigned to atoms before 
performing dynamics and can be used to push interacting molecules over translational 
barriers while allowing the structure to relax.
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3.4.6 Parameters used for sorption analysis
The exact parameters used for each simulation have been recorded in an attempt to 
maintain consistency between different computer simulations. The length of the run 
(computer time) is greatly affected by factors such as the write frequency and the model 
update frequency and these parameters have been optimised to give reproducible results in 
a reasonable time. Typical conditions used for sorption analysis are given in Table 3.8.
Trajectory write frequency (No. of cycles) 15,000
Text write frequency (No. of cycles) 10,000
Plot update frequency (No. of cycles) 10,000
Model update frequency (No. of cycles) 10,000
Number of Sorption steps 1,500,000 (1.5 M)
Pressure of adsorbate (kPa)/Fixed Loading 1 molecule, Fixed loading
Temperature (Kelvin) 300 K
Include Coulomb Interaction (Yes/No) Yes
Move Probabilities: Translation/Rotation 0.5 / 0.5
Step Sizes: Translation/Rotation 8A / 50°
Rescale Controls: Translation Rotation
Rescale/Success Rescale/Success
1.2 / 0.5 1.2 / 0.5
Rescale step size frequency 10,000
Table 3.8 Typical analysis parameters used for sorption analysis.
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3.4.7 Parameters used for molecular dynamics
Similarly, the parameters used for molecular dynamics have been recorded and these are 
given in Table 3.9.
Type of Dynamics (NVT, NPT etc) NVT
Quench/Anneal/Impulse etc Quench
No. of steps between quenches 100
No. of minimisations per quench 250
Temperature (Kelvin) 300
Dynamics step time (ps) 0.001
Number of steps (Total Dynamics Time (ps)) 50,000 (5Ops)
Plot KE/PE (Yes/No) Yes
Energy Components (Yes/No) Yes
Temperature (Yes/No) Yes
Volume (Yes/No) No
Cell Parameters or stress (Yes/No) No
Plot update frequency (cycles) 100
Width of plot window 0.1
Update Model (Yes/No) Yes
Model Update Frequency (cycles) 100
Auto set up energy expression (Yes/No) Yes
Assign velocities by x2 temp (Yes/No) Yes
Dynamics Average length (ps) 0.1
Update Non-bond & H-bond lists (Yes/No) Yes
List update frequency (steps) 100
Update charges by QEq (Yes/No) Yes
Charge update frequency (steps) 100
Table 3.9 Typical analysis parameters used for molecular dynamics.
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3.5 Summary
This chapter has aimed to introduce the major techniques used within this project to study 
many different aspects of adhesive bond durability and the effect of both inorganic and 
organic adhesion promoters. Three surface analytical techniques, XPS, AES and ToF-SIMS 
have been used where appropriate with each technique having its own merits. The basic 
principles and associated instrumentation of each technique have been discussed. Where 
appropriate, a more detailed explanation of specific issues has been given to enable the 
reader to grasp a firm understanding of experiments reported in the following experimental 
results chapters. In addition to surface analytical techniques, computer chemistiy has also 
been employed to study the interaction between silane molecules and a hydrated iron 
surface. Molecular modelling has therefore been introduced and both terminology and 
protocols relevant to the simulations performed in this study have been discussed.
Standard experimental parameters used for each technique have also been included in 
tabulated form in this chapter and these are referred to when discussing results in 
subsequent chapters. The experimental variables have been included here in an attempt to 
prevent repetition, or incomplete coverage of, these important parameters.
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The Deposition of Cationic Yttrium 
• on Heterogeneous Surfaces
4.1 Introduction
One of the major successes of applied surface analysis has been the identification of the 
exact locus of failure of adhesive joints and coatings exposed to an aggressive environment. 
Once this parameter has been defined it is possible to engineer that region of the joint to 
improve bond durability. This has been achieved previously by the use of several inorganic 
pre-treatments such as chromating and phosphating. Such methods have had great success 
for coatings but are not suitable for adhesive joints. The thin layer approach adopted by 
Cayless differs from more conventional steel surface treatments such as phosphating which 
can result in the production of a weak boundary layer. An advantage of this thin film 
approach is that it avoids environmentally deleterious compounds such as chromates and 
can be deposited from very weak solutions [45J.
This work is an extension of an earlier investigation carried out by Cayless, which 
considered the "general" uptake of yttrium and did not fully investigate the driving 
mechanism for deposition and the spatial distribution of the deposited species. The aim is 
to establish a fuller understanding of the local electrolytic processes which lead to 
deposition and the effect of surface heterogeneities on the thin film produced.
The application of standard, area averaging, XPS analysis allows the yttrium uptake to be 
quantified and thus related to experimental variables, however the use of imaging 
spectroscopies allows the uniformity of deposits to be studied and the effect of local 
perturbations to be investigated. This study has utilised imaging ToF-SIMS, scanning 
Auger microscopy and Auger depth profiling as well as conventional and imaging XPS, to 
gain a fuller appreciation and understanding of the deposition process. AES/SAM enables
113
Chapter 4: The Deposition o f  Cationic Yttrium on Heterogeneous Surfaces
surface analysis at the highest spatial resolution, whilst SIMS enables elements present to 
be detected with very high sensitivity (ppm/ppb), however it is very difficult to quantify 
the data. Imaging XPS (iXPS), with the addition of a quantification routine enables 
quantified images to be produced.
4.2 Localised Corrosion/Cathodic Deposition
Aqueous corrosion' processes are most often electrochemical, in an aqueous media a 
metallic surface will comprise of relatively small anodic and cathodic regions due to 
localised impurities /heterogeneities/temperature or environmental effects. Such regions are 
known as local action cells (shown schematically in Figure 4.1) and are associated with 
local currents which flow between them. This current provides no useful energy but acts 
only to heat up the surroundings. As long as a metallic component remains dry, local action 
currents and corrosion are not observed. However, on exposure of metallic components to 
water or aqueous solutions, local action cells are able to function and are accompanied by 
chemical conversion of the metal to corrosion products.
Metal
Figure 4.1 Schematic representation of local anodic and cathodic regions on a metal 
surface.
Such local action cells result in general corrosion of the sample surface and appear and 
disappear as corrosion proceeds. General attack is not usually very damaging as the metal 
is corroded fairly evenly over a large area (low corrosion current density). Corrosion is 
much more detrimental when permanent anodic and cathodic regions exist in a sample. 
Such localised attack occurs at pits and grain boundaries is are far more detrimental as a 
small anode is associated with a large cathode, this results in a high corrosion current 
density which leads to rapid dissolution of the anodic material (pitting corrosion). 
Inclusions, present in a metal as impurities, can act as sites of preferential attack and thus
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form localised anodic pits. Much work has been carried out in this field and the role of 
inclusions in the breakdown of passivity of metals has been studied by Baker [150] using 
AES. The anodic inclusion will have an associated cathodic region surrounding it. 
Corrosion processes result in the production of hydroxyl ions as part of the cathodic 
reaction and this increase in hydroxyl ion concentration leads to an increase in the localised 
pH in the cathodic region. Such localised pH excursions can result in preferential deposition 
of cathodic species ‘(decoration) and are the basis for yttrium deposition on iron/steel.
4.3 Driving Force for Yttrium Deposition
Decoration of active electrolytic sites has been the subject of many previous studies [151], 
with electrodeposition being known to occur as a result of the localised pH excursions 
during the cathodic reaction [152,153]. A Pourbaix diagram gives a summary of 
thermodynamic data in the form of a potential-pH diagram and relates to the 
electrochemical and corrosion behaviour of any metal in water. They show, at a glance, 
specific conditions of potential and pH under which a metal either does not react 
(immunity) or can react to form specific oxides, hydroxides or complex ions. Yttrium, with 
its very negative equilibrium potential (ca -2.5 V vs standard hydrogen electrode (SHE)) 
is unstable in the presence of aqueous solutions of any pH and it is shown on the 
appropriate diagram that yttrium is covered with a layer of hydroxide at pH's above 6.5 or
8.5 depending upon the concentration of yttrium in solution. In the presence of water, 
yttrium oxide is converted to hydroxide by spontaneous hydration, consequently only 
hydroxides appear in the Pourbaix diagram for yttrium [80], Figure 4.2.
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Figure 4.2 Potential-pH equilibrium diagram (Pourbaix diagram) for the yttrium-water 
system at 25°C. (After Pourbaix [80])
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Previous workers have shown that yttrium can be deposited onto iron/steel surfaces from 
an aqueous solution of dilute yttrium nitrate [45]. However, the exact mechanism of 
deposition is unclear and little is known regarding the nature for the deposit formed. It is 
the aim of this work to investigate the deposition process and to gain information regarding 
the kinetics of deposition. Once deposited, it is essential to have an understanding of the 
physical and chemical nature of the yttrium layer. To resolve such questions, both XPS and 
AES will be utilised.
4.4 Experimental
4.4.1 Substrate Material
The bonding of mild steel is a technologically important, not to mention challenging, 
process. In this work commercial purity iron was used in preference to mild steel to reduce 
the effects of the two phase structure and additions/impurities arising from the steel making 
process, which will have an affect on local chemistry. A 10 mm diameter Goodfellows 
98%+ pure iron rod (Table 4.1) was machined into stubs suitable for the spectrometers 
employed, this reduced the level of sample handling (and hence contamination), by 
eliminating the need to mount samples onto normal stainless steel stubs. The stubs were 
polished to a 1 micron finish prior to analysis to enable imaging spectroscopies to be 
carried with improved confidence. Samples were then cleaned ultrasonically in acetone to 
remove polishing debris.
Element C Si Mn P S Al Fe
wt percent 0.10 0.19 0.63 0.026 0.032 0.008 Balance
able 4.1 Composition of iron samples
4.4.2 Deposition Process
Yttrium was deposited onto iron stubs following the protocol suggested by Cayless et al. 
Deposition experiments were performed by placing the iron specimen in the required 
yttrium nitrate solution and allowing deposition to occur at the free corrosion potential. 
After a set time, the specimen was removed from the deposition solution and washed for 
15 seconds in milli-Q water; this prevents physically bonded yttrium species and possible 
drying stains from contributing to the analysis signal. Specimens were dried using a 
metallography specimen dryer and stored in a vacuum desiccator.
116
Chapter 4: The Deposition o f  Cationic Yttrium on Heterogeneous Surfaces
4.4.3 Deposition Solutions
All solutions were made from Y(N03)3 (Sigma Chemicals) using milli-Q water, this water 
has a resistivity of 10'18 Ohm cm'1; it is doubly distilled and passed through a series of 
filters thus reducing carbon contamination which can be associated with some laboratory 
ion exchange water purifiers. To increase localised corrosion, solutions were made up to 
0.6M NaCl and adjusted to pH 7 prior to use by adding small quantities of NaOH. This 
was necessary as the initial pH varied considerably with solution concentration.
A typical photoelectron survey spectrum with an inset Y3d peak is shown in Figure 4.3 for 
an iron stub with a 12 at% coverage of yttrium. This spectrum was acquired using Alka 
radiation under the standard experimental conditions described in Section 3.1.10.1.
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Figure 4.3 XPS survey spectrum of an iron stub with a 12 at% deposit of yttrium 
hydroxide.
This spectrum indicates the cleanliness of the yttrium deposit formed as there is a relatively 
low level of carbon present. This is in contrast to specimens produced using solutions 
prepared from normal laboratory ionised water which showed a very high carbon signal. 
Peaks in the spectrum arise from the yttrium doublet (Y3d 158 eV), chlorine (C12p 200 eV) 
and sodium (Nals 1072 eV) from the NaCl solution, carbon (Cls 285 eV), oxygen (Ols 
532 eV) and also iron (Fe2p 710 eV). There may also be a small level of nitrogen present
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(Nls 400 eV), however, this overlaps with the Y3s peak at 397 eV. Careful examination 
of the background slopes following the photoelectron peaks shows a negative post peak 
slope (PPS) for the Y3p peaks at 301 and 313 eV. This indicates that yttrium is 
predominantly present as a surface phase [84]. It has been suggested that yttrium deposits 
from a Y(N03)3 solution as Y(OH)3, this can be confirmed by examining the high resolution 
Ols spectrum. Results for Cls, Ols, Y3d and Fe2p spectra are given in Figure 4.4.
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Figure 4.4 High resolution Cls, Ols, Y3d and Fe2p spectra from yttrium treated iron.
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The oxygen peak is symmetrical and peak fitting shows it to consist of one component 
peak, the identification of this component can be determined by exact measurement of its 
binding energy. This is achieved by charge referencing the spectrum to allow for specimen 
charging effects (see section 3.1.3). Charge referencing has been carried out by assigning 
the C-C/C-H component of the C ls peak at a binding energy of 285.0 eV, ie in this case 
the spectrum has charged by +0.8 eV. This gives a corrected binding energy for the Ols 
component at 531.6 eV, this value indicates that oxygen is present as a hydroxide [154]. 
To ensure that yttrium had not deposited as Y20 3, XPS was performed on a standard 
yttrium oxide sample (Sigma Chemicals). The results from this are given in Figure 4.5 for 
the survey spectrum along with high resolution spectra for carbon, oxygen and yttrium.
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Figure 4.5 XPS survey and high resolution Cls, Ols and Y3d spectra from Y20 3 standard.
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The oxygen signal obtained from this standard clearly shows two components and these are 
identified as O2' and OH\ Peak fitting and charge correcting to C-C/C-H at 285.0 eV (4.8 
eV charging) gives an O2" binding energy at 529.5 eV and OH' at 531.9 eV. It is clear that 
the component on the deposited yttrium sample consists of OH' as its binding energy at
531.6 eV is very close to that for the OH' component in the yttrium standard. Ideally 
thermodynamics would be used to determine the stability of surface phases by using the 
Gibbs free energy of formation for a given product. Such approaches have previously been 
used extensively to determine likely surface reactions [155] and the subsequent 
thermodynamic stability of phases. However, in this case, little thermodynamic data is 
available for yttrium as standard texts such as the JANAF tables [156] do not cover this 
element, due to this, no thermodynamic approach could be used in this work.
4.5 Adsorption Kinetics
The deposition kinetics were investigated by determining the effect of deposition time using 
a 5x10'4M Y(N03)3 solution at room temperature (20°C). The level of yttrium uptake was 
recorded using standard XPS (area integrating mode) and the quantified results are 
presented in Figure 4.6.
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Figure 4.6 Plot showing yttrium uptake as a function of immersion time (for a 5x 10'4M  
Y(N03)3 solution at room temperature).
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It is clear that deposition occurs very quickly with about 1 at% yttrium being deposited 
within half a second and a plateau of typically 12 at% being reached after only 30 seconds. 
This indicates that yttrium uptake can be controlled via experimental parameters and a 
deposition time of 2 minutes has been used in this study. This time was chosen as 
deposition for 2 minutes results in about 12 at% yttrium uptake and prevents problems 
arising with reproducibility of results which may occur at low deposition times.
After determining the kinetics of deposition and ensuring that deposition times were safely 
on the plateau, the optimum solution concentration suggested by Cayless [45] was verified 
by performing isothermal adsorption studies with varying solution concentrations. 
Maximum deposition occurred for 5x1 O'4 M solutions and this concentration was used for 
the remaining work. To test the nature of deposition and to confirm that it is the result of 
a corrosion driven process and not merely physisorption, the uptake of yttrium on iron, 
stainless steel and glass (reducing corrosion activity) was monitored using standard XPS 
(Table 4.2). Yttrium uptake showed a clear trend with reactivity and confirmed that the 
process was electrochemically driven. The zero yttrium uptake for the glass slide is 
encouraging as it confirms that the 15 s wash after deposition is sufficient to eliminate 
drying residues from contributing to the signal.
Table 4.2
Substrate Material Yttrium surface 
concentration (at%)
Iron 12.0
Stainless steel 2.2
Glass 0.0
feet of substrate reactivity on yttrium deposition
The uniformity of the yttrium layer was investigated using angle resolved XPS and results 
show that there is no relationship between the relative intensities of the iron/yttrium signal 
and the electron take-off angle. This suggests that the yttrium deposit is not uniform and 
its heterogeneity was therefore studied using AES/SAM as high spatial resolution was 
necessary.
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4.6 Auger Microscopy and Depth Profiling Around an Inclusion Site
Inclusions act as local sites for preferential corrosion and much work has been carried out 
using AES to identify their role in the breakdown of a passive layer in stainless 
steels[129,150], A secondaiy electron image (SEI) at low magnification (x500) shows the 
presence of several heterogeneous regions on the sample surface. Such regions are likely 
to be formed as a result of electrochemical activity surrounding an inclusion. A higher 
magnification (x2000) SEI of the yttrium deposit around an inclusion is given in Figure 4.7, 
here a central inclusion (anodic area) is surrounded by a cathodic halo. This region defines 
the zone of influence ("throwing power") of the permanent corrosion cell EDX analysis 
has been performed on the inclusion and results indicate the presence of iron, manganese 
and silicon, the inclusion is therefore likely to be iron/manganese silicate.
Figure 4.7 Secondary electron image (SEI) of an inclusion and associated halo region.
High magnification (x20,000) spectra obtained for both the halo and the general surface 
indicate the presence of yttrium, although the peak intensity is lower for the halo region. 
Results from analysis of the general area (but near the cathodic region) show the yttrium 
MNN Auger peaks, the predominant being at 101 eV. This peak is, however, very close 
to the low energy secondary electron peak and is consequently on a steeply sloping 
background. This makes setting peak and background windows, essential for imaging, 
extremely difficult. Attempts to do so were unsuccessful as any fluctuation in the secondary 
electron emission across the specimen surface led to a variation in the secondaiy electron
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peak and thus affected the yttrium peaks and associated backgrounds. To image the yttrium 
signal, the peaks from the higher kinetic energy LMM transition were used, although these 
have a lower intensity [86] they lie in a region of the spectrum with a relatively uniform 
background, which allows background subtraction to be carried out more accurately. 
Spectra obtained for the general surface are shown in Figure 4,8.
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Figure 4.8 Auger spectra of the yttrium deposit showing the LMM peaks used for ADP.
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Results from Auger images of yttrium and iron for the area surrounding the inclusion are 
given in Figure 4.9. These images have been corrected for topography using the P-B/B 
algorithm.
Figure 4.9 Scanning Auger electron images of halo region shown in Figure 4.7: 
(a) Yttrium Auger, (b) Iron Auger.
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The most informative Auger images were those for the iron and yttrium, which clearly 
show the cathodic halo region surrounding the inclusion to have a high iron but relatively 
low yttrium concentration. This was unexpected, as it was the local cathodic region which 
would have undergone the largest pH increase and is therefore the region at which yttrium 
deposition should have occurred.
A schematic of theTocal structure and analysis regions is given in Figure 4.10(a). Depth 
profiling of both the general and the halo region was undertaken. The results were 
normalised for any variation in beam current by dividing the net peak area by the gross 
background signal. The results are given in Figure 4.10(b). The relatively high initial iron 
signal in Region 1 compared to Region 2 indicates that the back deposition of iron has 
occurred in the cathodic region and that yttrium is deposited at an earlier stage. Beneath 
the outer layer of oxidised iron there appears to be a co-deposited layer of yttrium (as a 
hydroxide) and iron oxide. After about 50 minutes etching the iron signal increases 
dramatically, coinciding with a reduction in the oxygen signal indicating that base iron 
metal has been reached. Profiling the general region (Region 2) shows a low iron and high 
yttrium signal at the surface, the profiles indicate that away from localised active sites there
is a thinner layer of yttrium covering the iron substrate.
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Thus the localised cathodic region associated with an inclusion shows back deposition of 
iron oxide at the surface, this could be detrimental in terms of producing a modified oxide 
surface to benefit adhesion properties as it could act as a site of premature failure.
The non-uniformity of yttrium hydroxide, and back-deposition of iron(in), makes the
calculation of layer thickness by XPS an uncertain procedure. For a uniform overlayer,
attenuation of the 'substrate iron signal can be used to calculate the total attenuation 
«
thickness, this would include both the yttrium hydroxide and any adventitious carbon 
present. If for a first approach estimation the back deposition is overlooked and using an 
Fe Iw value obtained after sputter etching an iron stub for two hours prior to analysis, 
typical values for the attenuation thickness of 1.5-2 nm are determined. Any back deposited 
iron included in the iron signal will result in the total attenuation thickness being an 
underestimation of the actual value.
4.7 Deposition Kinetics of a Model System
To enable the cathodic deposition to be investigated more easily a simplified electrolytic 
cell was designed. Inclusions are present in the iron as impurities and vary in size and 
chemical composition considerably. Such inclusions give rise to enhanced electrochemical 
activity with the inclusion acting anodically and the surrounding iron surface cathodically. 
A more controlled localised anodic region was produced by firstly evaporating a mask of 
gold onto an iron stub thus producing large squares (typically 800 pm across) of iron 
surrounded by gold. Within the gold regions smaller anodic sites were produced by using 
a diamond micro-hardness indenter to locally damage the gold and produce small iron 
regions surrounded by the more noble metal. It was believed that yttrium would deposit on 
the general gold surface surrounding the indent and produce a large cathodic halo which 
could be easily analysed. A schematic of the specimen produced is shown in Figure 4.11.
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10 mm diameter stub
Underlying iron
Evaporated
gold
Indent
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Figure 4.11 Schematic of the specimen produced to simulate local anodes and cathodes.
This specimen was then immersed in a solution of 5xlO'4M Y(N03)3 initially made to pH 
7 and washed for 15 s in milli-Q water. The deposition solution used did not contain NaCl 
as more general corrosion over the entire indent was desired (as compared to local pitting 
corrosion at inclusions).
4.7.1 Imaging XPS of the Model System
The stub was examined by optical microscopy to enable accurate sample alignment in the 
spectrometers used. Imaging XPS was undertaken at the indent regions. A brief real time 
image was acquired for gold as this enabled exact alignment of the analysis area to be 
achieved prior to imaging. Quantified images for an indent region are shown in Figure 4.12. 
The quantification routine uses modified sensitivity factors (for CRR=4 as opposed to CAE) 
and quantifies each pixel as data is transferred from the PC based VG Eclipse software to 
a Sun workstation operating VG Horizon software [124]. The yttrium image indicates 
pronounced deposition in the indentation region whilst the gold image shows a 
corresponding low signal. It was expected that indentation would lead to an agglomeration 
of gold at the base, such a view is supported by the iXPS images. If this is the case, this 
result indicates that yttrium is not depositing on the cathodic gold but rather on the 
underlying iron and as such causes some concern. An overlaid image of yttrium and iron 
(Figure 4.12(d)) shows the comers of the indentation to be rich in iron with the faces being
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yttrium rich. In order to understand these results it is first necessary to determine the 
hierarchy of layers (i.e. iron, gold, yttrium, back-deposited iron) on the iron substrate.
0 e r  1 a y e d I m a g e 
^  Yttrium = Red 
I ron = Green 
Both = Yellow
Figure 4.12 XPS images of an indentation mark in an yttrium treated gold covered iron 
specimen.
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An Auger point analysis of the gold general surface shows the presence of yttrium 
confirming that yttrium can deposit onto a gold surface and also withstand the subsequent 
wash process. This is important as it establishes that yttrium will decorate a cathodic gold 
region, this was previously unclear as iXPS results indicated that yttrium had deposited at 
an iron rich region in the indentation. Caution must be used when interpreting images, and 
care must be taken when establishing the threshold values used for their production.
4.7.2 ToF-SIMS and Imaging ToF-SIMS of the Model System
SIMS and imaging SIMS were used as a means of producing high spatial resolution spectra 
and images with improved sensitivity, A high magnification selected area analysis of an un­
etched part of the indent sidewall confirmed that both yttrium and gold were present
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Figure 4.13 High magnification positive and negative ToF-SIMS spectra from the indent
sidewall.
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A simple depth profile was not possible as yttrium ions are only present in the positive 
spectra whilst gold only shows an intense peak in the negative spectrum. It was therefore 
necessary to analyse for both positive and negative ions at each stage. An indentation was 
imaged at x2000 in both positive and negative modes to produce images for iron, gold, 
yttrium and oxygen, the area was then etched in continuous mode at x500 for a short time 
and the indent then re-imaged at x2000. This produced a series of positive and negative 
images with progressive etching and could be used to gather a 3D representation of local 
features. Results indicated an initially high signal for yttrium in the indent region, with a 
low gold signal. After the first etch the yttrium signal dropped and the gold increased, this 
indicated that yttrium was present on top of gold and hence confirmed our hypothesis that 
the indenter does not remove gold from the sidewalls of the indentation. The indenter 
plastically deforms the gold layer and causes tearing to occur at the comers thus revealing 
local anodic iron sites. The iron images initially show a relatively high signal at the comers 
of the indentation, on etching the signal increases for the whole indentation region. An 
overlay of the SIMS iron and yttrium images shows iron at the very comers of the indent 
with yttrium being dominant in the general indent (Figure 4.14).
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Figure 4.14 Imaging SIMS results of the indentation region before and after etching
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This relates very well to the iXPS results which showed a high iron signal at the indent 
comers and is consistent with the iron back deposition detected from the Auger images near 
an anodic site. It is proposed that the very comers of the indent act as anodic sites and that 
in the indentation the pH rises suitably allowing cathodic decoration of the remaining gold 
on the sidewalls to proceed.
4.8 Concluding Remarks
Yttrium deposits in the form of yttrium hydroxide as a result of electrochemical activity and 
has been shown to decorate cathodic sites in accordance with stability criteria described in 
the relevant Pourbaix diagram. Uptake from a solution of yttrium nitrate occurs very 
quickly and a plateau is reached at about 12 at% within 30s.
The deposit produced is not susceptible to removal by washing, this indicates that it is not 
merely present as an adsorbed layer but is retained as an indicator of previous 
electrochemical history [157].
An iron surface is covered with a thin layer of yttrium, such general deposition results from 
non permanent anodic and cathodic sites which operate during corrosion at the free 
corrosion potential.
Local heterogeneities significantly affect the yttrium deposition and active sites such as 
inclusions and other small local anodes result in an increased deposition of yttrium on the 
associated cathodic site. Local deposits are thicker than deposits on the general iron surface 
as a result of the increased cathodic reaction 0 2 + 2H20  + 4e' —» 40H ' resulting in an 
increased pH change and subsequent deposition.
Sites of local attack result in a back deposition of iron on top of the yttrium layer, this 
could have detrimental effects on the subsequent adhesion durability performance and may 
act as a localised weak boundary layer. If this is found to be the case future work must 
address the manner in which this phenomenon can be reduced.
A combination of spectroscopic, imaging and depth profiling techniques has been used to 
characterise the deposited yttrium layer. Care must be taken when interpreting images as
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small contributions from less concentrated elements can be easily overlooked and may 
result in incorrect interpretation of results.
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The Durability of Adhesive Joints
5.1 Introduction
Mechanical testing of adhesive joints is essential to enable the effectiveness of an adhesive 
pre-treatment and/or joint design to be determined and a wide variety of testing methods 
have been described in the literature [158], Such testing is essential as it provides the data 
necessary to develop new improved adhesive systems. In this study two different test 
geometries have been adopted; the single lap shear joint and the Boeing wedge test. The 
single lap shear joint has been used as a method of comparing adhesive joint durability for 
joints with and without an inorganic adhesion promoter. The single lap joint has several 
advantages over more complex joint geometries and these have led to its use in this study. 
To enable high quality relevant surface analysis of the failed joint surface to be undertaken, 
it is necessary to analyse the specimen in the "as failed" state. This limits the use of 
systems such as the double cantilever beam, or Boeing wedge tests, as the failed surface 
is exposed to the testing environment. This results in post failure attack which will 
dominate the results and possibly lead to erroneous conclusions being drawn about the 
actual failure mode. Although not an ideal geometry, offering fully quantifiable results in 
terms of fracture mechanics as it involves both tensile and peel forces, the lap shear 
geometry is suitable, as the failure load can be used comparatively.
The need to test a second system in a shorter test time led to the Boeing wedge test being 
used to investigate the effectiveness of a silane adhesion promoter. Silanes were 
investigated as earlier work has shown that they offer improved durability not only on their 
own but especially in combination with the yttrium pre-treatment. The Boeing wedge test 
was used, despite its limitations in terms of post failure degradation, as it enables a joint
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to be subjected to an applied load while being maintained in a controlled environment. 
Although standards exist for the Boeing wedge test (ASTM D3762-79 and ISO 10354), 
they are not fully comprehensive as no information is given regarding the choice of 
adhesive thickness. The relative merits of the Boeing wedge test regarding mechanical 
properties have recently been reviewed by Adams [159]. It is apparent, that in many cases, 
this test method is misused as it is essential that the adherends do not plastically deform. 
In this work such criticisms were considered and a suitable joint geometry was chosen to 
comply with the recommended standards.
Failure of adhesive joints in the presence of water is a well documented phenomena, 
however, the actual route to failure is still unclear and it is likely that several mechanisms 
operate in competition. To study the diffusion of water in the adhesive used in this study, 
it was first necessary to determine its diffusion coefficient at the test temperature of the 
durability studies. This was achieved by performing weight gain experiments over a 
considerable time (~185 days). Knowledge of this bulk diffusion coefficient then allowed 
water ingress to be modelled assuming Fickian diffusion. Such an approach has been 
undertaken to determine the effect of bulk water diffusion in the epoxy adhesives used.
5.2 Single Lap Shear Joints
Lap shear tests were used to determine the effectiveness of the inorganic yttrium pre­
treatment. To this end two series of lap shear joints were produced, one with the yttrium 
pretreatment and one control. Yttrium pre-treatment was undertaken in the manner 
described in Section 4.4. A set of 8 adhesive joints (4 control and 4 yttrium treated) were 
pulled to failure after cure to provide a control. Mechanical testing was performed on a JJ 
Lloyd Tensile Tester at room temperature, this was operated at 0.5 mm/min cross head 
speed using a 30 kN load cell. The remaining joints were immersed in milli-Q water 
(resistivity = 1018 Q. cm'1) in filled sealed 250 cm3 glass jars at 30°C. Joints were removed 
periodically from the test solution, dabbed dry using a tissue and pulled to failure within 
as brief a time as possible (1-2 minutes) after being removed from the solution. The load 
to failure was recorded for each joint.
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Figure 5.1 Schematic of a lap shear joint.
5.2.1 Adherends
Adherends were made from pure iron (Goodfellows 99.5%) sheet 1.02 mm thick, which 
was cut into coupons 75 mm x 15 mm using a laboratory guillotine. A schematic of the lap 
shear joint used is given in Figure 5.1. XPS of the as received iron sheet showed the 
presence of manganese at the surface. This is likely to be a result of segregation during the 
rolling or subsequent closed coil annealing processes used to produce the thin sheet. The 
iron adherends were abraded with fine alumina powder prior to bonding to remove the 
surface enriched manganese (confirmed using XPS). After abrasion, the iron was cleaned 
ultrasonically using acetone and dried using a metallography dryer.
5.2.2 Adhesives
The correct choice of adhesive was essential in order to enable the effectiveness of the pre­
treatments to be determined. It was decided to use an epoxy two part amine cured adhesive 
as these are used extensively in industrial applications and are hence commercially relevant 
and readily available. Two different adhesive systems, a non toughened and a toughened 
two part amine cured epoxy adhesive, were studied in this work. The non toughened 
adhesive used was Ciba Geigy Araldite 2011 and the toughened adhesive was Ciba Geigy 
Araldite 2013. Both adhesives are commercial products and as such are fully formulated 
and subject to commercial restraints regarding knowledge of their formulation chemistry.
These adhesives were chosen as they are recommended for steel/iron substrates and offer 
reasonable resistance to water ingress. This was essential as the interfacial stability could 
not be addressed if the adhesive itself failed prematurely in the presence of water.
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The 2011 adhesive was cured for 1 hour at 100°C and the 2013 adhesive was cured for 16 
hours at 40°C in air to ensure a high cross link density, following the manufacturers 
recommendations. For both adhesives the glue line thickness was set at 150 pm (following 
manufacturers recommendations), this was controlled by using two nylon wires as spacers 
in the adhesive joint. Nylon was selected as opposed to more commonly used copper wire 
to minimise galvanic corrosion. Ballotini (small glass beads) were not used as their 
presence could lead to complicating signals (ie silicon from both the ballotini and the 
adhesive/silane) when analysing the failed adhesive surfaces.
5.3 Results from Single Lap Shear Joints
5.3.1 Mechanical Testing
Results are presented initially for the 2011 adhesive and the reduction in failure load 
(average of four samples) with immersion time is shown in Figure 5.2. The performance 
of this adhesive decreased rapidly on immersion in water and joints failed completely after 
a period of 1000 hours.
Control
Yttrium
0 1 2 3 4 5 6
Lap shear strength /kN
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Figure 5.2 Durability data from lap shear joints in water at 30°C: 2011 adhesive cured 
at 100°C, control vs yttrium treated.
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The failure loads of the joints tested directly after manufacture are similar for both the 
control and the yttrium treated joints. On immersion in water for 260 hours the joint 
strengths have reduced markedly for both sets of joints. The rapid reduction in adhesion 
performance of this adhesive system led to Araldite 2013 being used solely in further 
studies as failure was ascribed to poor cohesive strength of the epoxy after immersion in 
water.
The 2013 adhesive shows better resistance to environmental attack and work was 
concentrated using this adhesive as it enabled longer term studies to be undertaken. 
Extended immersion times were necessary as they allowed interfacial stability to be 
assessed. Joints made with the toughened 2013 adhesive were tested over a much longer 
time and were immersed in water for nearly 10 months, results are given in Figure 5.3.
Durability of 2013 adhesive 
in water @30° C
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Mean = 3.62 
anl=0.46
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Figure 5.3 Durability data from lap shear joints in water at 30°C: 2013 adhesive cured 
at 40°C, control vs yttrium treated.
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Results indicate that the yttrium treatment alone has had little affect on the failure load for 
these test conditions. The failure surfaces were initially studied visually and photographs 
of two failed control joints are shown in Figure 5.4.
5.4 Photographs of failed lap shear joints in water 30°C: (a) after 1200 hours (b) after 
7050 hours.
5.3.2 Visual investigation of the failure surfaces
Failure surfaces of the as-cured joints showed cohesive failure within the epoxy. This was 
evident to the naked eye as the thick black rough epoxy could be seen clearly on both 
surfaces. After 1200 hours in water at 30°C the failure surface has two well defined 
regions. There is a thick cohesively failed region in the centre of the overlap surrounded 
by a shiny metal/smooth epoxy region. This outer region appears to be a result of 
interfacial failure. After 7050 hours in water there are still two main regions of failure, 
however, as expected, the centre cohesively failed region is much smaller due to prolonged
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exposure. Within the outer metal region there appear to be two different areas present as 
a halo around the centre region. These regions have been labelled as zones 1 and 2. The 
outer ring (zone 2) is slightly duller than the inner (zone 1). This is likely to be caused by 
oxidation of the metal surface on exposure to water. The failure surface can be defined by 
two failure fronts and their speed of propagation can be determined by careful measurement 
of the delamination distance using a travelling microscope. Front 1 is the fastest at 18.5 pm 
per day while front 2 is slower at 10.2 pm per day. These failure fronts are shown 
schematically in Figure 5.5 (a) and Figure 5.5 (b).
Schematic of failed lap shear joints after 1200 
and 7050 hours in water at 30° C
Thick cohesively failed epoxy
Bright inner region
Apparent interfacial failure " Dull outer region
After 7050 hoursAfter 1200 hours
CATHODE
(b)
CRACK TIP
Z O N E  1
METAL
FRONT I
ANODE
FRONT2
Figure 5.5 (a) Schematic diagram of failed lap shear joint surfaces after 1200 and
7050 hours in water @ 30°C.
(b) Schematic diagram of the disbondment fronts and crack tip
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As the failure surfaces show evidence of oxidation it is first necessary to consider the 
electrochemical activity present within the joint to understand the mechanisms involved in 
the failure process. The outer edges consist of exposed iron and will be anodic while the 
inner regions (covered with the epoxy) will be relatively cathodic. As the epoxy is 
displaced (allowing access to the metal surface), this newly exposed region shows evidence 
of oxidation and it is therefore likely that this region has become anodic. However, oxide 
growth has been reported previously on cathodic surfaces albeit at a very noble potential 
[75], Consequently, it is not possible to state categorically whether this outer displaced 
region is anodic or whether oxide growth is occurring on a cathodic surface. The following 
reactions will occur at the anode and cathode respectively.
Anodic Reaction: Fe —» Fe2+ + 2e' Oxidation
Cathodic Reaction: 0 2 + 2H20  + 4e' —» 4 (OH ) Reduction
There are a number of possible cathodic reactions, however, the above reaction is the most 
likely one in a non acidic media, and has been suggested as the one that occurs under an 
organic film permeable to oxygen [78]. The relatively low oxygen concentration in the 
sealed jars (section 5.2) will result in this reaction (the rate controlling step) being fairly 
slow thus preventing gross corrosion from occurring. Such reactions will result in the 
environs of the crack tip becoming cathodic and the build up of OH’ ions will result in a 
high pH. If an applied potential was present, this high pH could result in oxide reduction, 
however, at the free corrosion potential for iron, oxide reduction cannot occur [80]. This 
means that the inner shiny region is not cathodically reduced to give a thinner oxide, but 
rather that the outer region has experienced oxide growth during immersion in water.
Thus the visual observations indicate that exposure to water brings about apparent 
interfacial failure between adhesive and substrate; the load bearing ability of the joint 
following such exposure is a function of the area of the adhesive/substrate interface that has 
not been displaced by such electrochemical activity. This is in agreement with the work of 
Gledhill et al [66] although they reported extensive corrosion of the steel substrate at the 
crevice mouth. This is presumably related to the test time, the ease with which the crevice 
mouth can open and the extent of oxygenation of their water. In the present work a mere 
thickening of the oxide is observed rather than gross material degradation.
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5.3.3 SEM investigation of the failure surfaces
A Cambridge Instruments Stereoscan 250 scanning electron microscope (SEM) was used 
to study failure surfaces in more detail. Prior to analysis, the failure surfaces were first 
coated with a thin gold overlayer to prevent excessive sample charging. The use of a 5 kV 
beam during this investigation also minimised charging effects. During analysis, energy 
dispersive X-ray analysis (EDX) was performed in selected areas to determine the chemical 
composition of certain features. Despite the gold overlayer, meaningful results could be 
obtained using a LINK EDX detector. As scanning electron microscopy is a relatively bulk 
sensitive technique compared to more surface specific analyses such as XPS and ToF- 
SIMS, care must be taken when assessing SEM micrographs. Results from the SEM are 
given for the central cohesively failed epoxy region of the specimen immersed for 7050 
hours and are shown in Figure 5.6 (a) and 5.6 (b).
(a) (b)
Figure 5.6 SEM micrographs of the central cohesively failed region after 7050 hours 
immersed in water @ 30°C.
Higher magnification revealed the presence of many plate like structures in the thick 
cohesively failed region, these are shown in Figure 5.7 (a), EDX was performed to 
determine their chemical composition. Typical plates have a maximum internal diameter 
(feret) of about 20 pm and are approximately circular in shape (they are not elongated). 
EDX results indicate that the plates are iron and potassium rich compared to both the rough 
cohesively failed epoxy and the smooth epoxy on the epoxy side of the interfacial failed 
outer region (Figure 5.7 (b,c and d)).
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(a) SEM micrograph of plate structures within the central cohesively failed 
epoxy region of a joint failed after 7050 hours in water @ 30°C.
(b) Plate structure in central cohesively failed region,
(c) Cohesively failed epoxy and
(d) Smooth epoxy in the outer interfacial region.
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The smooth nature of these platelets in addition to their high potassium and iron content 
indicates that they come from a mica filler which is a known additive in the fully 
formulated adhesive used. The mica is present as plate structures as it has sheared along 
its potassium containing cleavage planes, which are only weakly bonded by van der Waals 
forces. This cleavage process accounts for the smooth surface morphology detected by the 
SEM. Analysis with surface specific techniques (XPS) does not indicate the presence of 
these platelets in the bulk adhesive. This is due to them normally being wetted by epoxy 
adhesive to a thickness greater than the analysis depth for techniques such as XPS (about 
5 nm). This indicates that the mica particles are not cleaved further during failure of the 
adhesive joint as this would result in the detection of potassium in the XPS spectra from 
the failed surfaces.
Thus the improved durability offered by the use of an yttrium pre-treatment is not evident 
in the work described above using a lap shear test specimen. Previous workers have 
demonstrated the potential benefits obtained by using an inorganic adhesion promoter in 
conjunction with an organic silane adhesion promoter. It was therefore necessary to 
fabricate adhesive joints which would enable the effectiveness of such pre-treatments to be 
assessed for the adhesives used in this study. Prior to this it was essential to select a 
suitable organic silane adhesion promoter and adhesive joint geometry which could offer 
comparative data on the effectiveness of the pre-treatments. Rather than embark on a 
lengthy experimental investigation, it was decided to study the efficiency of such adhesion 
promoters using a modified wedge cleavage (Boeing wedge) test. This would enable the 
validity of such an approach to be tested in a relatively short time (days rather than months 
for the lap shear tests).
5.4 Silane Adhesion Promoters
A commonly used industrial coupling agent was used in this study, 3- 
glycidoxypropyltrimethoxysilane (GPS) (Union Carbide A 184). This was deposited from 
2 vol% methanol solutions made using HPLC grade methanol. Care was taken to ensure 
the purity of the methanol was high as impurities can lead to competitive adsorption [33]. 
Adherends were immersed in water for 300 s prior to silane deposition to ensure that the 
surface was fully hydrated. Such a process is known to lead to surface passivation with a 
thin layer of FeOOH [160]. This is the surface phase of mild steel commonly used in an
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industrial environment [75]. The silane solution was made one hour prior to deposition, this 
time was kept constant to ensure that each solution had hydrolysed to the same extent prior 
to deposition. Although methanol solutions were used, low levels of water present in the 
solvent would ensure that efficient silane hydrolysis took place. Deposition was achieved 
by immersing the iron substrates in the silane solution for two minutes at ambient 
temperature (20°C), after deposition the iron was washed using fresh methanol for 30 s to 
remove any excess silane solution. Adherends were then drained and were lightly dried 
using a metallography drier prior to manufacture into an adhesive joint.
5.5 Modified Wedge Cleavage Tests
Boeing wedge test samples were used to compare the effectiveness of both the inorganic 
pre-treatment (yttrium) alone and with the organic (silane) adhesion promoter. Adherends 
were made from 3 mm thick mild steel and were mechanically abraded using 1200 grit 
paper to remove gross contamination. Mild steel was chosen as opposed to 99.5% pure iron 
which was used in the lap shear tests as the wedge test adherends need to be much larger 
and the cost of pure iron would have been prohibitive. The adherends were then cleaned 
ultrasonically using acetone prior to bonding. The toughened 2013 adhesive was chosen for 
this study and was applied in the same manner as for the lap shear joints, ie 150 pm glue 
line thickness, cured at 40°C for 16 hours. The geometry of the Boeing wedge specimens 
is shown in Figure 5.8.
Figure 5.8 Schematic of a Boeing wedge test.
The conventional approach is to use a wedge to start the crack, this is applied by slowly 
inserting it into a non-bonded region (starter crack) using a laboratory bench vice. However, 
initial results showed that this resulted in a large variation in the starter crack length due 
to inconsistencies introduced when physically inserting the wedge. To resolve this problem
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the test method was modified by the use of an opposing screw thread to open the joint in 
the manner adopted previously by Taylor [161]. This allowed the joint to be opened slowly 
in a controlled fashion. Once the joint had opened sufficiently, the wedge was then inserted 
to define the starter crack separation. This variation on the Boeing wedge test is termed the 
modified wedge cleavage test in the current work.
The wedge test specimens were held in a controlled environment and the crack length was 
measured as a function of time using a travelling microscope with a vernier scale. A 75% 
relative humidity environment was created in a sealed plastic container by using a saturated 
NaCl solution at 30°C. Joints were suspended above the NaCl solution using a glass holder 
which prevented them from coming into contact with the solution.
5.6 Results from Modified Wedge Cleavage Tests
The results from four sets of data are presented in Figure 5.9 as plots of crack growth 
versus exposure time. It is clear that the silane treated joints performed best as they have 
the lowest crack growth. The yttrium pre-treatment has not improved durability and no 
significant changes are noted within experimental error. The order of relative performance 
in terms of crack growth at 75% relative humidity at 30°C is as follows: Silane > Yttrium 
+ Silane > Control > Yttrium.
Crack Extension Vs Time: Control 
75% humidity a t 30 deg C
Crack Extension Vs Time: Yttrium 
75% humidity a t 30 deg C
Exposure Time (hours)
Crack Extension Vs Time: Yttrium+ Silane 
75% humidity a t  30 deg C
Exposure Time (hours)
Crack Extension Vs Time: Silane 
75% humidity at 30 deg C
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/f '’ £ * -- ----- --—vzzZJ.—------ _--------------- 1
a£ .........................................
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Figure 5.9 Results from modified wedge cleavage tests. Crack extensions vs exposure 
time for: (a) Control, (b) Yttrium (c) Yttrium+silane and (d) Silane treated.
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Visual inspection of the failure surfaces shows that the silane adhesion promoter has clearly 
improved the level of metal to epoxy adhesion and has changed the locus of failure, for the 
silane/steel system, from interfacial to cohesive. This is apparent from a photograph of the 
failure surfaces for the silane treated sample (Figure 5.10),
Held in 75% relative humidity environment for 350 hours
Silane treated
Figure 5.10 Photograph of the modified wedge cleavage test failure surfaces.
XPS was performed on the failure surfaces of the yttrium treated joint to determine the 
locus of failure. This was performed on an ESCALAB Mk II using MgKot radiation under 
the standard operating conditions previously described in Table 3.2. Magnesium radiation 
was chosen to avoid problems associated with peak overlaps between the Si2p and 2s 
photopeaks at 99 eV and 152 eV and Bremmstrahlung induced aluminium Auger peaks 
(KL23L23and KLjL^) at KE 1386 and 1341 eV respectively. Using AlKa radiation, the 
Auger peaks are in close proximity with the silicon photopeaks ie KL2 3L23 at 100 eV BE 
and KL,L23 at 145 eV BE and can lead to misleading results. Failure appears, visually, to 
have occurred interfacially resulting in a metal and an epoxy surface. Survey spectra from 
the metal and epoxy sides of a failed yttrium treated joint are given in Figure 5.11 (a and 
b) and an enlarged low binding energy region (0-250 eV) has been expanded in Figure 5.12 
(a and b). Inspection of the survey spectrum for the metal surface (Figure 5.11(a)) shows 
peaks associated with the yttrium covered iron substrate, a fairly low carbon signal 
(considering the surface specificity of Mg radiation) and the presence of silicon and 
nitrogen. Analysis of the steel prior to bonding shows the absence of both silicon and
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nitrogen, these elements must therefore have either arisen during the test or be associated 
with the adhesive. The nature of exposure during the modified wedge cleavage test (ie the 
joints are suspended in a humid environment and do not come into contact with solutions) 
precludes silicon and nitrogen from being introduced as artifacts during the durability study. 
The survey spectrum suggests that failure has occurred predominantly interfacially, however 
there is evidence of some regions of polymeric material on the metal surface (ie both 
silicon from the thixotrope and nitrogen from the amine curing agent). It is relatively easy 
to determine whether failure has occurred within the yttrium layer as yttrium acts as an 
excellent marker on the failed joint surfaces. Yttrium is present on both the metal and the 
epoxy failure surfaces and this indicates that failure has occurred, at least in part, within 
the yttrium layer. XPS spectra from the silane treated surfaces however proved very 
difficult to interpret as silicon was present not only from the silane but also from the 
adhesive.
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Figure 5.11 XPS spectra from the failure surfaces of a yttrium treated modified wedge 
cleavage test using MgKa radiation:
(a) Survey spectrum from metal side, (b) Survey spectrum from epoxy side.
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Figure 5.12 XPS spectra from the failure surfaces of a yttrium treated modified wedge 
cleavage test using MgKa radiation:
Enlarged 0-250 eV region from (a) metal side and (b) epoxy side.
Visual inspection of both failed lap shear and modified cleavage joints shows clearly that 
failure leads to the production of a complex failure surface. Failure surfaces for the lap 
shear joints prove to be inhomogeneous, with different zones being apparent, and analysis 
with high spatial resolution is necessary to determine the exact nature of such failure 
surfaces. This is addressed in the next chapter using small area and imaging XPS and ToF- 
SIMS to characterise failure surfaces.
Failure in both cases is likely to be a function of either ionic mobility (ie OH‘ ions) or bulk 
water diffusion depending upon which is the rate controlling step. Detrimental effects of 
water in adhesives have been the subject of much research activity for many years. Water 
penetration not only occurs through the bulk adhesive, but is enhanced at anomalous areas 
such as regions of low cross link density, pores etc. Such enhanced diffusion is also
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referred to as "short circuit diffusion" and it is important to know the precise route taken 
by water as this will affect the locus of failure. In an attempt to resolve which is rate 
controlling, bulk diffusion studies have been performed and the diffusion coefficient for 
water in the adhesives used has been determined. Water movement into a joint is then 
modelled to determine water concentration at the failure fronts assuming bulk diffusion.
5.7 Diffusion of water into epoxy adhesives
The ability of an adhesive to perform well in the presence of water will depend upon its 
absorption behaviour and diffusion of water to the failure region is of great importance. The 
uptake of water in both the adhesives used in this work has been studied by performing 
water uptake experiments to determine the diffusion coefficient of water in the epoxies at 
the test temperature (30°C). This is a well documented process and initially the approach 
of Crank and Park [162] adopted by Gledhill et al [64] which assumes Fickian diffusion 
has been used to calculate the diffusion coefficient. Here, the ratio of the weight of water 
absorbed at time t (M* -M0), to the maximum weight of water absorbed (M J is plotted 
against the square root of time divided by sample thickness (Vt/h). The value of the 
diffusion coefficient, D, can be deduced from such a plot (shown schematically in Figure 
5.13) using the following relation [162]:
D _ 0.04919
(t/h.2) i Equation 5.1
2
where V[(t/h2)jJ (ie Vt/h)1/2) relates to the half time of the sorption process which is 
determined from the plot (ie, (Vt/h)^ is the Vtime/thickness at concentration M^/2).
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Figure 5.13 Schematic of water uptake plot used to determine the Fickian diffusion coefficient.
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The diffusion coefficient can also be determined by fitting the experimental data to that of 
a standard theoretical model. The general (3-D) law of diffusion may be written as :
D (x,y,z,t) + D Jc (x,y,z,t) + D c c^ (x,y,z,t) = 3c (x,y,z,t)
* 3x2 y 3y2 z 3z2 3t
Equation 5.2
where (x>y>z) = cartesian spatial coordinates (mm)
t = time (s)
c = concentration (g mm'3)
D(xy z) = material diffusivity in the cartesian directions (mm2 s'1).
This equation is often reduced to a one dimensional (1-D), through thickness, equation 
(effectively ignoring edge diffusion from a sample plaque) and the solution derived by Jost 
[163] is given in Equation 2.21 (Chapter 2). Equation 5.3 is obtained by integrating the 
concentration at point x given in Equation 2.21 (Chapter 2) over the plate thickness and is 
given in terms of the weight gain due to absorption:
i--E 17C n = 0 (2n + ly -exp D 1 n2(2n + l)2/J
Equation
5.3
Where M% = weight gain due to absorption (%),
Mro = weight gain at saturation (%)
D diffusion coefficient (mm2 s'1)
1 plate thickness (mm)
and t time (s).
A plot of this nature (Equation 5.3) is given in Figure 5.14 and is typical for Fickian 
diffusion of single phase water [164]. A computer program to model 1-D Fickian water 
uptake based on Equation 5.3 has been written by Bond [65] and this has been used in this 
study to determine D.
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Mm%
Figure 5.14 Typical water uptake plot for Fickian single phase water [164].
This approach, however, makes a number of assumptions, the most important being that 
only 1-D diffusion occurs (edge diffusion is ignored). Several methodologies have been 
used to account for edge diffusion and correction terms proposed by Shen and Springer 
[165] have been used by a number of workers. A different approach uses a 3-D model to 
study water absorption and a computer program based on the 3-D solution has been written 
for homogenous materials (Dx = Dy = D J to determine the 3-D diffusion coefficient [65],
5.7.1 Measurement of the Diffusion Coefficient
Slabs of epoxy about 1 mm thick (1.3 x 22.0 x 22.0 mm3) were produced and cured using 
the same schedules as for the adhesive joints. Four samples of each epoxy were produced 
with equivalent dimensions and were weighed accurately to obtain their dry weight. The 
samples were then placed in milli-Q water and maintained at 30°C using a laboratory oven. 
Periodically, samples were removed from the water, dabbed dry using a tissue and weighed. 
Results for both the 2011 and the 2013 adhesive are plotted in Figures 5.15 and 5.17.
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Figure 5.15 Results from water absorption @30°C into 2011 epoxy adhesive cured at 
100°C.
The uptake curve for the 2011 adhesive is linear at first and leads smoothly to an 
equilibrium value of M/M^ being attained. This uptake is typical of single free phase 
Fickian diffusion where water molecules are not combined within the epoxy (Figure 5.14) 
and has been reported previously for water diffusing through glassy, cross-linked epoxy 
polymers [166]. The value of the diffusion coefficient calculated using the approach 
adopted by Gledhill et al (1-D Fickian) for the 2011 adhesive is given below:
1-D D = 2.86 x 10-9 cm2 s'1 (MW-M0)/(M0) = 12.3%
Solutions using the computer programs developed by Bond give values as follows:
1-D D = 2.86 x 10-9 cm2 s’1 (M ^-M J^M J = 12.8%
3-D D = 2.67 x 10-9 cm2 s'1 (MW-M0)/(M0) = 12.7%
The agreement between the two methods for the 1-D case is excellent and confirms that 
either approach is suitable to solve for 1-D Fickian diffusion. The 3-D model gives a 
slightly lower value of the diffusion coefficient. This is encouraging as considerations of
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edge diffusion have reduced the apparent diffusion coefficient obtained from the 1-D case. 
This is expected, as 1-D calculations will result in an overestimate if diffusion through the 
edges of the epoxy slab is ignored. The results from the two computer programs are 
presented in Figure 5.16. Due to its increased level of sophistication the 3-D fitting 
program will be used to determine the diffusion coefficient in this work.
Water uptake of 2011 adhesive at 30 C 
Cured for 1 hour at 100 C
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Figure 5.16 Calculated water absorption curve from the computer program [65] used to 
determine the diffusion coefficient of water in the 2011 adhesive @30°C: 
(a) Using 1-D model, (b) Using 3-D model.
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Figure 5.17 Results from water absorption @30°C into 2013 epoxy adhesive cured at 
40°C. Showing 1-D and 3-D solutions from the computer program [65] used 
to determine D.
The results from the 2013 adhesive do not however show typical single free phase Fickian 
behaviour but conform to a non-Fickian two phase water uptake model (Figure 5.17). Here 
it is assumed that water molecules are present as a free diffusion phase and a second 
combined phase (where water is bound chemically) which does not involve diffusion. This 
approach is similar to modified Langmuir adsorption [167]. Bonniau and Bunsell [164] 
have shown that two phase water absorption can be modelled using Equation 5.4 which 
introduces additional terms a  and P to account for the probability of a water molecule 
passing from the combined state to the free state and from the free to the combined state 
respectively.
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M% = M 1 P exp (- a t) “  4 t x2(2n + l)2
a + P x " a + P %2n = o (2n + l)2 ( l2
Equation 5.4
A plot conforming to this equation is given in Figure 5.18 [164] and is seen to agree well 
with the data from the 2013 adhesive.
Mm%
Figure 5.18 Typical water uptake plot for two phase water [164].
The water uptake curve for the 2013 adhesive shows an initial linear region (similar to 
Fickian diffusion) which was followed by anon-linear region that continued to increase and 
did not reach a plateau within the duration of this experiment (still increasing after 185 
days immersion in water at 30°C).
The non-Fickian results obtained from the 2013 adhesive do not enable the diffusion 
coefficient to be determined easily in the same way as for the 2011 adhesive as the 
approaches used previously all assume Fickian behaviour. However, the initial part of the 
uptake curve for the 2013 adhesive follows a linear increase which remains linear up to a 
value of "\/(time)/thickness = 1300 (t1/2/ mm). The durability study did not proceed past 7050 
hours for 15 mm adhesive samples (lap shear overlap), this equates to a V(time)/thickness
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value of only 335 (t1/2/mm) and is therefore still within the linear region of the plot used 
to determine the diffusion coefficient. In this case, it is therefore valid to determine the 
diffusion coefficient of water in the adhesive using only the initial part of the water uptake 
curve. This was performed using the 3-D computer based approach discussed above to give 
the following values for the 2013 adhesive.
3-D D = 1.44 x 10'9 cm2 s'1 (M00-M0)/(M0) = 7.2% (not plateau value)
To check the validity of this approach the diffusion coefficient for the 2011 data was re­
calculated using only the initial linear part of the curve. This gave the following results:
3-D D = 2.73 x lO'9 cm2 s'1.
The value obtained from the 3-D calculation is slightly higher than that calculated 
previously using the entire uptake curve (2.67 x 10'9 cm2 s'1), however, the agreement is 
very good with the difference between the two approaches giving a discrepancy of only 
about 2%. Consequently the diffusion coefficient for water in 2013 adhesive can be 
calculated using only the linear part of the uptake curve.
Following the absorption study the adhesive was dried by placing it in a sealed container 
with a saturated solution of phosphorous pentoxide (0% relative humidity) at 30°C. Results 
indicate that not all of the absorbed water is removed and that about 3% of the absorbed 
water remains within the adhesive even after 2500 hours drying. This remaining water is 
likely to be present as chemically bound water. Similar observations have been made for 
an epoxy based composite system by Bond [65]
Once the diffusion coefficient for water in the epoxy adhesive has been determined it is 
possible to model water ingress into an adhesive joint. This has been performed in previous 
studies [64] and is discussed in Section 2.7.1. A computer program has been written to 
solve the 1-D diffusion equation (Equation 2.21) described earlier [65]. This calculates the 
water concentration at a given distance into the joint at a set time (t) for a lap shear 
geometry. This program has been used with the diffusion coefficient determined for the 
2013 adhesive using the approach described above (1.44 x 10'9 cm2 s'1) to calculate the 
water concentration at different points within the joint overlap. This has been performed 
at times equivalent to the test times used in the lap-shear durability study (ie 1200 and 
7050 hours) to determine the water concentration at the disbondment front attributable to 
bulk diffusion. The first two plots (Figure 5.19 a and b) show the relative concentration of
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water (% of M J  as a function of distance from the joint edge. These are produced by 
assuming that the outer surface has a 100% relative water concentration. Plots of 
concentration are also plotted in terms of weight percent water (Figure 5.19 c and d). In 
these cases it is assumed that the outer surface instantly reaches the equilibrium water 
concentration (M*,) and the weight percent is calculated by multiplying the relative water 
concentration by M..
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Figure 5.19 Results of water concentration profiles into the adhesive lap shear joint 
assuming Fickian diffusion. Calculated using Bond's computer routine [65].
Results indicate that the water concentration is not the same at both failure fronts, the water 
concentration after 1200 hours is about 0.95 weight %, whereas after 7050 hours it is only 
about 0.55 weight%. This could indicate two features, firstly that the water concentration 
is not the same at the point associated with the onset of disbonding, contrary to the findings 
of Gledhill and workers [64]. Secondly, it may suggest that if the critical water 
concentration concept holds true that bulk diffusion through the epoxy is not the controlling
157
Chapter 5: The Durability o f Adhesive Joints
parameter in adhesive failure. However, care must be taken when interpreting these 
predicted concentrations as the gradient of the line for 1200 hours is very steep. This could 
introduce a considerable error, as accuracy is limited by measurement of the distance to the 
disbondment front on the failed lap shear joint (using a travelling microscope with a vernier 
scale). Accurate measurement is further hampered as, although the position of the 
delamination fronts are fairly consistent across a sample, they are not idealised cases with 
perfectly straight fronts as illustrated in Figure 5.5 (a). An error of ± 0.5 mm in the 
measurement of the disbondment distance would lead to a variation in the predicted water 
concentration between about 0.4 and 1.6 weight %. This level of error is unacceptable and 
prevents definite water concentrations at the failure fronts from being predicted unless the 
accuracy of the measurement technique is improved greatly. This could be achieved by 
using much larger adhesive joint overlaps as the error in measuring the delamination front 
would then be reduced significantly.
5.S Mechanisms of Delamination
Several failure mechanisms have been proposed to account for the failure of adhesively 
bonded iron in the presence of water and these are discussed in Chapter 2. Thermodynamic 
calculations show that water will displace an epoxy from a steel surface as there is a 
negative work of adhesion (WA). However, the rate of failure will depend upon kinetically 
controlled processes. Failure is controlled by factors such as water diffusion in both bulk 
and interfacial regions of the adhesive and also by ionic mobility; the role of cation 
movement in an underfilm crevice is well documented [70].
Water ingress due to bulk diffusion in the epoxy adhesive is likely to result in a failure 
surface covered with a thin (~2 nm) organic overlayer. Water enters the bulk adhesive and 
migrates in all directions hence downward diffusion will occur towards the interface. 
However, water seldom reaches the true interface via this path as the interfacial region is 
highly ordered and perhaps has a much lower free volume. Due to this, failure is common 
in a mechanically weakened region of the polymer very close to the interface [68]. Such 
a region is likely to be anomalous in terms of crosslink density and premature failure 
occurs due to the agglomeration of water at this point. Such a failure is easily detected by 
XPS and the examination of failed lap shear joints by XPS will be described in Chapter 6.
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Electrochemical activity within the interfacial region will greatly affect the kinetics of 
failure. Small, mobile cations (eg K+, Na+) are known to increase water ingress along 
interfaces by their rapid movement to the underfilm cathodic region. Such electrochemical 
cells often occur in adhesive systems on iron/steel substrates and result in interfacial failure, 
however, they are frequently overlooked. The complex nature of the failure surfaces is 
evident from visual inspection as a number of regions are clearly visible. To resolve the 
effect of electrochemical activity, small area analysis of failed joints is necessary as this 
enables a complete picture of the underfilm chemistry to be gained. Such an approach is 
undertaken in Chapter 6.
5.9 Concluding Remarks
Results from both lap shear joints and modified wedge cleavage tests show that adhesive 
durability has not been improved by the use of cationic yttrium as an inorganic adhesion 
promoter for the two fully formulated adhesive systems studied. Visual inspection of the 
lap shear failure surfaces shows two clear regions, one being associated with cohesively 
failed epoxy and the other showing apparent interfacial failure. Within the metal surface 
of this apparent interfacial region there also appear to be two different zones present as a 
halo around the central cohesively failed epoxy. Two failure fronts have been assigned to 
these fronts and their speed of propagation has been measured as 18.5 pm and 10.2 pm per 
day. It is suggested that these two fronts are controlled by electrochemical factors and 
analysis techniques offering high spatial resolution are required to further study this 
complicated failure region.
XPS analysis of the failed yttrium treated wedge test specimens shows the presence of 
yttrium on both the nominally metal and epoxy sides of the failure. This may be due to 
failure within the thin yttrium layer or more likely through localised regions surrounding 
inclusions. Such regions have been shown previously (Section 4.6) to be associated with 
a much thicker yttrium layer and back deposited iron. The work investigating yttrium 
deposition (Chapter 4) used pure iron (98% + pure, Table 4.1) as a substrate material and 
as such is relatively free from inclusions. The modified wedge cleavage test specimens 
were however made from mild steel and will have consequently a much higher level of 
inclusions. This will result in a greater number of permanent local corrosion cells and 
subsequently, in an increased abundance of thicker yttrium regions which may be
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mechanically weak.
The presence of silicon and nitrogen on the "metal" failure surface indicates that some 
adhesive is present on this surface. It is not present as a continuous layer as such a situation 
would result in a much higher surface carbon concentration. It is therefore suggested that 
an island like distribution of adhesive is present on an otherwise interfacially failed metal 
surface.
The improved durability offered by the silane adhesion promoter is interesting as it 
confirms that enhancement can be achieved using silanes from organic solvents without the 
deliberate addition of water to hydrolyse the silane. This is important as silanes are often 
incorporated into adhesive formulations and are required to operate successfully without an 
extra hydrolysis step.
The water uptake experiments show that water absorption into the 2011 adhesive occurs 
much faster than for the 2013 adhesive. This is expected as the 2013 is a filled adhesive 
and hence the filler will act as a physical boundary to water penetration and result in an 
increased path length for water diffusion. This is confirmed by the values obtained for the 
diffusion coefficients of the two adhesives as the value for the 2011 adhesive is about twice 
of that for the 2013 adhesive (2.67 x 10*9 cm2 s'1 compared to 1.44 x 10'9 cm2 s’1). Water 
absorption into the 2011 adhesive is typical of single phase Fickian diffusion and as such 
has been modelled using the entire uptake curve. The 2013 adhesive however does not 
show Fickian behaviour on prolonged exposure to water. This has resulted in the initial 
linear region, which is typical of Fickian behaviour, being used to determine the diffusion 
coefficient.
Water absorption in 2013 is typical of two phase water uptake where one phase is mobile 
and the second is chemically bound. Evidence of chemically bound water exists from 
drying experiments as even after drying the adhesive in a phosphorous pentoxide 
environment for 2500 hours at 30°C some residual water remains within the epoxy. Similar 
results have also been reported for an epoxy-composite system [65]. It is possible that 
active sites within the adhesive have combined with water to form chemical bonds which 
are not broken on drying. However, little can be predicted regarding the nature of the
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chemically bound water as the exact adhesive formulation is not available.
The 2011 adhesive does not show evidence of two phase water uptake and this could be 
attributable to the higher temperature cure schedule (100°C for 1 hour) which may result 
in a higher level of curing and the removal of active sites. If the presence of active sites 
within the epoxy adhesive is controlled kinetically, curing at a low temperature for an 
increased time will result in a reaction involving the active sites. However, if the process 
is controlled thermodynamically, a higher temperature will be required to overcome the 
activation energy of the reaction and curing at a lower temperature will result in the 
presence of some un-reacted regions.
There is a rapid decrease in the predicted water concentration with distance from the epoxy 
edge after 1200 hours immersion in water at 30°C. This results in a very steep water 
concentration profile and makes accurate measurements of the disbondment front (on the 
sample) critical if the concentration at this front is to be calculated. As a result of this, it 
is therefore not possible to determine whether failure is ascribed to bulk water diffusion.
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Interfacial Chemistry of Adhesive Joint Failure
6.1 Introduction
A key step in understanding the mechanism of adhesive bond failure is the definition of the 
exact locus of failure. Surface analysis techniques, such as X-ray photoelectron 
spectroscopy, have been used for a number of years by several authors to study the exact 
locus of failure of adhesive bonds and organic coatings [30,168], More recently, imaging 
spectroscopies have been utilised to investigate the spatial distribution of species within 
failure sites [169], this is essential as failure surfaces are seldom uniform and often contain 
different spectroscopically identifiable regions. The ability to detect very low levels of 
adhesive, associated with a thin residual overlayer of polymeric material on an apparently 
metallic failure surface, has enabled very precise failure mechanisms to be suggested. It has 
been shown by several authors, for example reference 161, that the composition of such 
overlayers, possibly affected by the segregation of minor components, can greatly affect the 
durability of adhesive bonds.
Water ingress in adhesive bonds is known to greatly reduce their performance and has been 
highlighted as playing the major role in the failure of environmentally exposed adhesive 
joints [2,170,171]; where surface energy considerations lead to a preference for a 
metal/water interface over a metal/polymer interface [81]. Despite the thermodynamic drive 
for separation, joint failure is often determined by kinetically controlled processes such as 
the diffusion of water and the effect of electrochemical activity within the joint, thus the 
exact nature of the weakening effect is often unclear. Cathodic disbondment has been 
identified as a route to failure in the case of steel substrates since 1929 [76], however, there 
is still much debate as to the exact mechanism and several may exist for any system with
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one possibly being rate controlling. Several workers have reported the major methods of 
failure due to cathodic delamination of organic coatings [74,77,172] and these have been 
discussed in Chapter 2.
Surface pre-treatments also play an important role in the performance of adhesive bonds. 
In this study a rare earth pre-treatment which has been described previously [44,45] has 
been considered. lliis approach involves forming a thin layer of yttrium hydroxide on mild 
steel or iron adherends prior to bonding. For this approach to work successfully it is 
necessary to form a tenacious coating of cationic yttrium which is not disrupted by 
environmental attack. Surface analysis of failed lap shear joints produced using the 2013 
adhesive following prolonged aqueous exposure has been performed to determine the 
stability of this inorganic pre-treatment. This enables the exact locus of failure to be 
determined when such a pre-treatment is employed.
6.2 Surface Analysis
Surface analysis (XPS and ToF-SIMS) has been performed on the failure surfaces of 
adhesive joints following prolonged immersion in water at 30°C. Such analyses are 
essential, as they not only provide information regarding the exact locus of failure, but can 
also offer analytical data regarding the local chemical species present at the failure surfaces. 
The inhomogeneity of such failure surfaces and the need to study spatial variations in their 
surface chemistry has led to the need for techniques capable of relatively high spatial 
resolution. Ideally scanning Auger microscopy (SAM) would be performed on the failure 
surfaces as this technique offers the highest spatial resolution. However, the need to study 
both metallic and adhesive surfaces would result in excessive problems associated with 
specimen charging and as such AES has not been used. Instead, both small area XPS and 
ToF-SIMS have been used to characterise the failure surfaces as both of these techniques 
offer high spatial resolution but are less prone to sample charging problems.
6.2.1 X-Ray Photoelectron Spectroscopy (XPS)
Small area and imaging XPS were used to study the failed lap shear joints described 
previously in Chapter 5 and shown schematically in Figure 5.5. Standard XPS, is an area 
integrating technique and has a relatively large analysis area (10 mm2). In this work it was 
essential to be able to analyse different areas within the failure region, thus higher spatial
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resolution was necessary. Analysis of the failure regions was carried out using a VG 
Scientific ESCALAB 220i (BP Research, Sunbury) and a Scienta ESC A 300 spectrometer 
located at the RUSTI facility at Daresbury Laboratory. Both instruments offer high spatial 
resolution, however, the spectral resolution of the Scienta instrument is greater than that of 
the VG Scientific ESCALAB 220i used in the study. The XPS acquisition parameters used 
are given in Tables 3.3 and 3.4.
The Scienta ESCA 300 was used to produce both point analyses and also energy-distance 
(E-X) plots. E-X plots enable both chemical and spatial information to be gained from one 
analysis. They are produced by plotting binding energy against spatial position with the 
spectral intensity being represented as a heat scale on the z-axis (normal to the page). These 
plots are described in the literature [120,121] and have been discussed in Chapter 3.
In this work the VG Scientific ESCALAB 220i was used to study the failure surfaces of 
both control and yttrium treated joints after aqueous exposure for 1200 horns at 30°C. After 
this time two different failure regions could be identified visually (Figure 5.5). Initial 
results from these failure surfaces suggested that failure was truly interfacial between the 
adhesive and the adherend and that the yttrium pretreatment has not affected the failure 
mechanism. This led to the Scienta ESCA 300 being used in subsequent analyses of 
specimens exposed for 7050 hours in water, as this spectrometer has better spectral 
resolution and higher sensitivity at high spatial resolution and has been used previously to 
precisely define the locus of failure in a complex system [161]. As yttrium pretreatment had 
not affected the mechanical properties or the nature of failure, ie interfacial between the 
adhesive and adherend, it was decided to concentrate further investigations on the control 
sample in an attempt to understand the failure mechanism in more detail.
To study the spatial distribution of species within the failure region it was necessary to 
obtain analyses at several positions across the failure surface. Using the ESCA 300, XPS 
survey spectra were recorded along a line from the specimen edge towards the central 
cohesively failed region. Starting from the overlap edge, spectra were recorded every 1 mm 
until the thick cohesively failed region was reached, this is shown schematically in Figure
6.1 for the failure surface of a joint exposed to water for 7050 hours.
164
Chapter 6: Interfacial Chemistry o f  Adhesive Joint Failure.
Failed lap shear joint after 7050 hours in water @30° C.
A
XPS ana ysis areas
3 mm
NOT TO SCALE
15 mm
SIMS analysis areas = ->■
3 mm 15 mm
Figure 6.1 Schematic diagram showing the production of both XPS and ToF-SIMS line
scans across a failed adhesive joint overlap.
The survey spectra obtained across the surface were then quantified using the appropriate 
sensitivity factors incorporated within the Scienta software. The atomic percentage of each 
element present was then plotted against position to give elemental compositions across the 
joint surface, ie an XPS line scan. When displaying these data, the results were duplicated 
(assuming symmetry) to represent the entire joint overlap. This was undertaken to enable 
the results to be compared with those from ToF-SIMS in which analyses were acquired 
across the entire width of the overlap. Ideally spectra would have been recorded across the 
entire joint overlap, however, as only limited time was available on the Scienta ESCA 300 
spectrometer this was not possible. The line scans produced in this way allow differences 
in the spatial distribution of elements across the failure surface to be observed readily.
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Results from the VG Scientific ESCALAB 220i are presented with the binding energy 
increasing from left to right, however, results from the Scienta ESCA 300 have the binding 
energy decreasing from left to right (increasing kinetic energy). This discrepancy arises as 
there is no universally accepted format for plotting ionisation potentials and different 
manufacturers have adopted, for essentially historic reasons, either right handed or left 
handed formats.
6.2.2 Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
ToF-SIMS was utilised to provide further information regarding the organic material 
remaining on the metal side of the failed joint. The high sensitivity, combined with the 
ability to detect fragments of the adhesive system, enabled SIMS to be used to fingerprint 
the 2013 adhesive used in this study.
Analyses were made using a VG Ionex Type 23 mass spectrometer under the standard 
operating conditions presented in Table 3.6. Data has been normalised to account for 
variations that may occur in the secondary ion yield across the sample according the 
protocol described in Section 3.3.8.
ToF-SIMS enables fragments associated with the epoxy which may be present on the 
apparently metal failure surfaces to be detected. ToF-SIMS point spectra were recorded 
across both regions within the failure surface (ie thick cohesively failed epoxy and apparent 
metal surfaces) as shown schematically in Figure 6.1(b). The analysis area for each 
spectrum was a 400 pm square. This enables plots of peak intensity versus position to be 
produced thus allowing variations in surface composition to be detected easily.
6.3 Results and Discussion
6.3.1 Small area XPS of the failed lap shear surfaces
Small area XPS (700 pm) was undertaken (VG Scientific ESCALAB 220i) on the failure 
surfaces of the sample immersed in water for 1200 hours at 30°C in the outer failed region 
(metal side of an apparent interfacial failure) as well as the centre cohesively failed epoxy 
region. The survey spectrum from the centre region is presented in Figure 6.2 and shows 
the expected peaks associated with carbon, oxygen and nitrogen (from the amine curing 
agent). There are also peaks associated with aluminium and silicon, these are likely to arise
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from additives used in the adhesive e.g. the filler/thixotrope.
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Figure 6.2 Small area XPS survey spectra from the central cohesively failed epoxy and 
both the metal and epoxy side (outer regions) of a joint failed after 1200 
hours in water at 30°C: Yttrium treated vs control, (VG ESCALAB 220i).
Results from the outer region indicate that the joint has failed interfacially, this is 
reinforced by studying the survey spectra and high resolution spectra of the carbon Is peak. 
The metal sides of the failed samples show very low levels of carbon and a very clear iron 
signal, thus supporting the concept of interfacial failure. For the yttrium treated surface,
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there is a high yttrium signal and associated attenuation of the iron signal by the yttrium 
layer. The epoxy side however shows no yttrium and this confirms, that for lap shear joints 
produced from pure iron adherends, a thin tenacious yttrium film has been deposited as 
failure has not occurred within the yttrium layer. The background slope following a peak 
can also offer much information about the hierarchy of species present on a specimen [84]. 
Following the yttrium peaks at 301 and 313 eV (Y3p3/2 and Y3p72 respectively) the 
background has a negative post peak slope (PPS), and this is indicative of a surface phase. 
The nitrogen which is present on both metal surfaces could have originated from a number 
of sources. It may have arisen from water during the durability test [161] (no attempt was 
made to de-aerate the water), from remnants of the amine curing agent which have 
segregated to the surface, from leeching of nitrogen containing species from the adhesive 
which have re-adsorbed onto the surface [173] or from the subsequent exposure of the 
failed surfaces to air. Nitrogen was not present on the iron adherends prior to bonding and 
this is confirmed by XPS analysis of an alumina polished iron adherend. However, analysis 
of failed Boeing wedge test samples using this adhesive system shows nitrogen to be 
present on the failed "metal surface" (Figure 5.11). The nitrogen is present even when the 
samples have been suspended in a controlled environment (75% RH), created using a 
saturated NaCl solution at 30°C, rather than immersed in water, as in the lap shear work. 
It is therefore unlikely that nitrogen was introduced from the test environment. It is 
probable that nitrogen present on the failure surfaces of the lap shear joints is either from 
a nitrogen rich layer within the epoxy adhesive, from re-adsorbed nitrogen from the 
adhesive or from nitrogen from the atmosphere which has adsorbed on the high energy 
metal surfaces during failure. The nitrogen on the metal failure surface must be present as 
a discontinuous layer as if it was present as a uniform overlayer, as an amine or similar 
component, the associated carbon signal detected on the metal failure surfaces would be 
much higher.
The low iron signal on the epoxy side is either likely to result from the transfer of a small 
amount of iron from the metal substrate on failure or from mica platelets in the adhesive 
that have been displaced from the epoxy in the presence of water. Such displacement is 
predicted from thermodynamic considerations, ie WA mica/epoxy (diy) = 113 mJm'2, however, in 
the presence of water WA mica/epoxy (water> = -20 mJm'2 (calculated using ys values from 
reference 2 and Equation 2.11). For the latter case to be true, the platelets must be at the
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surface and not be covered with a thick epoxy overlayer (ie greater than the analysis depth 
for XPS). If iron on the failed epoxy surface originates from the adherend oxide then for 
the yttrium treated sample, such iron must result from regions of back deposited iron 
formed over the yttrium layer. This back deposition has been reported previously in Chapter 
4. The lack of yttrium signal on the epoxy side indicates that failure has not occurred 
within the iron oxide beneath the yttrium layer. In view of the results associated with 
yttrium it is likely that the iron originates from the mica in the adhesive-as the back 
deposited regions only occupy a small fraction of the surface.
XPS was also performed on the failure surfaces of control joints after 7050 hours in water. 
These analyses were performed on the Scienta ESCA 300 spectrometer. XPS survey spectra 
were acquired using the high transmission mode (6 mm x 0.5 m.m) from both the inner 
shiny region (zone 1) on the metal surface and also the outer dull region (zone 2) (halo 
structure). The failure surface is shown schematically in Figure 5.5 and XPS spectra from 
zones 1 and 2 are given in Figure 6.3.
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Figure 6.3 Small area survey spectra from (a) inner and (b) outer regions (zones 1 and 
2) of a failed joint after 7050 hours in water at 30°C: Control (ESCA300).
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The spectrum from the inner region is comparable to that from a clean iron surface with 
its thin native oxide film. However, this inner region has a much higher chlorine signal 
than the outer region. The outer region has a reduced iron signal and higher oxygen, carbon 
and silicon signals. This can be seen in more detail by analysing the line scans presented 
in the next section.
High resolution core line spectra were also recorded for certain elements to enable chemical 
state information to be determined. The carbon Is line acquired on a spectrometer such as 
the Scienta ESCA 300 with high spectral resolution can often be used to determine the 
exact locus of failure, ie determine the exact nature of any organic overlayer by fitting the 
Cls envelope. Such a spectrum is shown in Figure 6.4 for the "metal side" of a failed joint. 
Although it is possible to produce an acceptable peak fit, as shown in Figure 6.4, the result 
is still somewhat ambiguous as binding energies of individual components do not match 
well with those of either the adhesive or the adventitious contamination expected on high 
energy surfaces.
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Figure 6.4 XPS high resolution Cls spectrum from the metal side of a failed lap shear 
joint after 7050 hours in water at 30°C.
To resolve this uncertainty ToF-SIMS was used to fingerprint the 2013 epoxy adhesive and 
hence determine the presence of any residue on the "metal surface" and these data are 
discussed in Section 6.3.4.
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6.3.2 XPS line scans from the failed lap shear surfaces: 7050 hours exposure
The results from quantified small area XPS analyses have been plotted versus position to 
give a representation of the sample surface across the entire joint overlap, ie an XPS line 
scan. These plots are given in Figure 6.5 and Figure 6.6 for the metal side and the epoxy 
side of the failed joint (7050 hours in water) respectively. The centre of each plot 
corresponds to the thick cohesively failed epoxy, the data point either side of this central 
region corresponds to the crack tip with the outer regions being the disbonded zone.
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Figure 6.5 XPS line scans from metal side of failed lap joint after 7050 h in water at 
30°C: (a) Cls, (b) Ols, (c) Fe2p, (d) Nls, (e) Si2p, (f) C12p, (g) A12p.
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Figure 6.6 XPS line scans from epoxy side of failed lap joint after 7050 h in water at 
30°C: (a) Cls, (b) 01s, (c) Fe2p, (d) N ls, (e) Si2p, (f) C12p.
Results for the carbon and oxygen signals indicate that the thick cohesively failed epoxy 
is relatively high in carbon and low in oxygen compared to the metal surface. This is to 
be expected as the clean iron oxide is high in oxygen and relatively free from carbon 
contamination. The epoxy side shows the inverse of the metal side with a relatively low 
carbon signal and high oxygen signal compared to the smooth failed adhesive although the 
differences are much less pronounced. The carbon signal is lower from the central region 
due to higher signals from both oxygen and silicon, this indicates that silicon and oxygen 
are present in the cohesively failed central region.
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For the metal side, the iron signal is much higher at the crack tip, this is in keeping with 
the earlier result of Figure 6.3 where survey spectra are compared from the inner and outer 
regions for the sample exposed to water for 7050 hours. Reasons for this are twofold, 
firstly, there is a thicker oxide in the outer region, therefore a higher portion of the iron 
signal will originate from the oxide which has a lower number density of iron atoms. 
Secondly, the iron signal in the outer region will be attenuated by species adsorbed 
following delamination. The iron signal on the epoxy side, although overall a much lower 
intensity, shows that there is a reduced iron signal from the cohesively failed central region.
The aluminium signal (for the metal side) is highest at the crack tip, with its intensity 
reducing towards the edges of the overlap. This is expected as the aluminium cations (from 
components to the adhesive) have segregated towards the cathode.
The chlorine signal is highest at a point slightly away from the cathode. To understand the 
failure mechanism in more detail it is essential to determine the chemical nature of the 
elements present on the failure surfaces. To this aim the exact binding energies of both the 
chlorine and the silicon have been determined. High resolution spectra were recorded for 
both the Cls and the C12p photoelectron lines. This enabled the exact binding energy of 
the chlorine species to be determined. Spectra were recorded from both the metal and the 
epoxy side of the failed joint. The C ls line was then fitted to determine the position of the 
C-C/C-H component. This was then given the value of 285.0 eV as a method of charge 
referencing. The C12p doublet was also fitted to determine the position of the C12p3/2 
component. Its binding energy was then corrected using the previously determined level of 
electrostatic charging. Results from analyses of the metal and epoxy side give a C12p3/2 
binding energy of 198.2 eV. This is in keeping with an alkali metal chloride between an 
electropositive cation and the electronegative anion, ie Cl' from KC1 or NaCl which has 
predominately ionic bonding [154].
A similar approach was adopted for silicon found in the outer region on the metal side and 
the binding energy of the Si2p peak was determined as 102.2 eV. This is in keeping with 
a silicone or a silicate and suggests that the silicon in the outer region may have arisen 
from siloxanes present in the fully formulated adhesive, from contamination due to silanised
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glassware used during the durability testing or from the silicon (as a silicate) in the 
laboratory glassware itself. Attempts to clarify the nature of the silicon were made using 
the Bremmstrahlung induced S i ^  Auger peak to determine the modified Wagner Auger 
parameter (a*), however, this route proved inconclusive.
Segregation of chloride ions from the cathodic central region to the anodic outer region is 
likely and it is suggested that chloride ions from the adhesive segregate to the interface 
where they move towards the anode. Their inability to reach the anode is due to the very 
low volume debond (perhaps a "zero volume debond"[174]) which occurs in the inner 
region (zone 1). This makes movement of ions relatively slow. Their absence in the outer 
region (zone 2) suggests that transport of ions is the controlling factor and that chloride 
ions in the outer regions are more mobile than those in the inner (shiny) region. Increased 
mobility is caused by the crevice in the outer region "opening up", this results in the 
chloride ions at the edge being displaced into the bulk solution by the movement of water 
within this more open region.
The silicon signal for the metal side shows a slight increase in the central region but a large 
increase at the joint edge. The central signal is associated with the fillers/thixotrope and 
other components in the adhesive, however the very high signal at the edges is more likely 
to be due to post failure contamination from the glassware used during the durability test. 
The far higher level of this contamination on the metal surface is expected as this surface 
will have a higher surface energy than the epoxy surface.
The nitrogen signal from both the metal and the epoxy sides proves to be very interesting. 
Nitrogen is expected in the adhesive from the amine curing agent (aliphatic poly amine 
hardener), however, the nitrogen signal is lowest for the cohesively failed epoxy. Both the 
metal surface and the smooth failed epoxy have a much higher nitrogen signal at the crack 
tip with the signal dropping lower (but still higher than for the cohesively failed epoxy) 
towards the edge of the joint. This suggests that failure has either occurred within a 
nitrogen rich layer which has segregated towards the surface and has resulted in a 
discontinuous overlayer on the iron surface or that nitrogen has been adsorbed onto the high 
energy metal surface on failure. However, with the evidence available here it is not possible 
to determine the singular source of nitrogen on the metal failure surface.
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6.3.3 E -X  im a g e s  o f  th e  fa ile d  la p  s h e a r  j o in t  su rfa c e s
E-X images are presented in Figure 6.7 for a region which spans both zones 1 and 2 within 
the outer failure region. The images suffer from slight abberations across their width 
resulting from a reduction in counting efficiency in the centre of the channel plate detector. 
This is demonstrated in Figure 6.7 (a), where a uniform gold band has been analysed [175], 
If the detector were perfect, the two spectral bands (from the 4f 7/2 and the 4f % photo 
peaks) would have uniform intensity across the whole area of the detector. However, 
despite this slight inhomogeneity, the results obtained can be used to study the transition 
between the two regions. E-X plots for Cls, Ols and Fe2p are given in Figure 6.7 (b-d) for 
a region crossing between zone 1 (shiny) and zone 2 (dull) of a control sample.
(a) ( b )
(c) (d)
Figure 6.7 XPS E-X plots from the transition between the inner (shiny) and outer (dull) 
regions in ajom t failed after immersion in water at 30°C for 7050 hours, 
(a) Gold test band on silicon wafer, (b) Cls, (c) Ols and (d) Fe2p.
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The Cls and O ls images are not very clear and they remain fairly constant across the scan. 
The Fe2p image of Figure 6.7 (d) is, however, far more informative. Both the oxide and 
metal components can be distinguished with a peak separation of about 5 eV. The metallic 
component reduces in intensity away from the crack tip. The fact that the metallic 
component does not register on the right of the E-X plot (away from the crack tip) indicates 
that the reduced intensity is due to oxide growth and is not merely a function of the 
analyser inhomogeneity. If this were the case, the metallic component would also increase 
on the right hand side. To enhance this data, a montage of spectra has been recreated from 
the E-X plot, Figure 6.8.
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Figure 6.8 Montage of the Fe2p peak showing the transition between shiny inner (zone 
1) and dull outer (zone 2) regions on the failure surface, (From E-X plot).
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Although quite noisy as a result of dissecting an image, this clearly shows the reduction 
of the metallic component across the sample surface. This indicates that the iron has a 
thinner oxide at the crack tip compared to that in the outer region. This result corroborates 
the visual inspection which clearly distinguishes the two regions as shiny and dull. The 
outer region (zone 2) is likely to experience oxide growth as it is relatively anodic 
compared with conditions at the crack tip, and is exposed (by the displacement of the 
epoxy) to a hostile environment. The as-received iron adherends have a will have an air 
formed oxide typically 2 nm thick [75].
6.3.4 ToF-SIMS spectra from 2013 epoxy adhesive
Positive and negative SIMS analyses of a cohesively failed epoxy region within an adhesive 
bond were performed to determine the fragmentation pattern for the epoxy used in this 
work. Results from such analyses are given for cohesively failed epoxy (Figure 6.9 (a and 
b)). Results indicate the presence of many silicon containing fragments (m/z 28+, m/z 43+, 
m/z 73+), these are associated with siloxane contamination from the adhesive. The high m/z 
39+ signal confirms the presence of potassium on the failure surface which has originated 
from displacement of epoxy from mica particles as a consequence of water ingress (-WA(L)) 
(SEM/EDX confirms the presence of platelet mica structures in the adhesive). The peak at 
m/z 27* may be caused by the presence of aluminium at the cohesive fracture surface of 
the adhesive, however this is unlikely as XPS results show a marked reduction of 
aluminium in the central epoxy region (Figure 6.5). The m/z 27+ component is more likely 
to be caused by C2H3+ from the adhesive.
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Figure 6.9 ToF-SIMS spectra from cohesively failed epoxy region of a failed lap shear 
joint after 7050 hours in water @30°C: (a) Positive ions, (b) Negative ions.
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Negative SIMS from the cohesively failed epoxy (Figure 6.9(b)) reveals the presence of m/z 
16' from oxygen, m/z 17' (hydroxide), m/z 12' (carbon), m/z 13' (CH'). There is also a 
small component due to nitrogen m/z 14' and CN' m/z 26'. Such peaks are all associated 
with the adhesive system. The low intensity of nitrogen containing species detected by 
SIMS precludes the nature of the surface nitrogen phase being determined.
Spectra recorded for the 2013 adhesive are different to those from Bisphenol A [176] 
(which is the known base epoxy compound) and typical epoxy related groups (m/z 135+, 
m/z 191+, m/z 252+ and m/z 269+ and m/z 133', m/z 211" and m/z 283') are absent from the 
spectra recorded from the 2013 adhesive. Peaks in this fully formulated adhesive are 
associated with additives and indicate that these phases are dominant at the surfaces 
examined and are perhaps associated with a weakened zone within the adhesive which has 
failed preferentially.
SIMS was also performed on the control sample within the apparently metallic part of the 
failure region 2 mm from the joint edge in zone 2 (see Figure 6.1). These spectra are given 
for positive and negative ions in Figure 6.10 (a) and in Figure 6.10 (b).
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Figure 6.10
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The positive ion spectrum has dominant peaks at m/z 28+ and m/z 56+ from silicon and 
iron. However, the absence of peaks at m/z 43+ and m/z 73+ show that silicon is not present 
as a silicone or a siloxane as peaks from Si(CH3) and Si(CH3)3 would be detected. XPS 
results confirm the presence of silicon at the joint edge and exact binding energy 
measurements (Si2p = 102.2 eV) indicate that it is present either as a silicone or a silicate. 
The certainty of the XPS results (both the Si2p and Si2s signals are very clear) confirm the 
presence of silicon in this region, therefore SIMS peak overlaps or doubly charged iron 
(mass 56/2) can not explain the high m/z 28+ component. From both the XPS and the SIMS 
results it is therefore clear that silicon in this outer region is present as an inorganic silicate 
rather than an organic silicon compound and that it has originated from the glassware used 
for durability testing.
The negative ion spectrum is similar to that from the bulk adhesive, however, for the metal 
surface the m/z 12* (C*) and m/z 13* (CH") peaks are smaller indicating a clean surface. The 
m/z 35* and m/z 37* (35C1* and 37C1*) peaks are comparatively large for the metal region, this 
is an observation that is considered in more detail below.
6.3.5 ToF-SIMS line scans of the failed lap shear surfaces
ToF-SIMS was used to determine the exact nature of adhesive failure as the high sensitivity 
of SIMS allows very low contaminant levels to be determined. Results from a series of 
point analyses across the joint overlap (control) are displayed for mass fragments given in 
Table 6.1 as line scans (Figures 6.11 and 6.12) in the same way as the XPS results. These 
plots allow the surface chemistry across the entire failure region to be examined.
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Mass/ charge Ion / Fragment
56+ 56Fe+
28+ 28Si+
23+ 23Na+
39+ 39K+
IT 27A1+/C2H3+/CHN+ h
1H—C=C—H +
+o 40Ca+
IT OH-
35- c r
26' CN'
73+ 28SiC3H9+ CH}
+ Si—CH3 
CH,
IT
0 *
98+ C5H8N07C6H12N+
105+ C6H5Si+ ^  si
107+ Si2H30 3 q q
II II H—Si—O—Si—H+
207+ C5H1503Si3+ CH3
A
CH3\?Si\ ,Si ^
Ch/ 0  ScH3
Table 6.1. Mass Fragments analysed using ToF-SIMS line scans.
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Figure 6.12 ToF-SIMS line scans from metal side of failed lap joint (control) after 7050 
hours in water at 30°C: (a) m/z 73+, (b) m/z 77+, (c) m/z 98+, (d) m/z 105+, 
(e) m/z 107+, (f) m/z 207+.
The m/z 56+ (56Fe) plot does not correlate with the m/z 28+ (28Si) plot. This confirms that 
the m/z 56+ peak is associated with iron and that it is not a double m/z 28 cluster peak 
(28Si° + 28Si+). The iron signal varies across the failed region in a manner similar to the 
earlier XPS results, this indicates that both techniques are suitable for analysing failure
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surfaces. The m/z 28+ peak also shows a similar trend to the XPS results, however, the 
relative intensities are not the same. This is expected as the XPS quantification includes all 
silicon present (in different chemical states), however, the SIMS data refers only to the m/z 
28+ fragment which is either present or is formed from fragmentation of larger fragments. 
The m/z 23+ (Na+) component shows a clear trend with sodium present at the crack tip 
only. The level of sodium is very low, this is clear as it is not detected with XPS and the 
SIMS signal is relatively low considering the very high probability of sodium for ionisation. 
Sodium has segregated to the cathodic crack tip under the influence of the corrosion 
potential present in the system. The speed of ionic migration has been shown to depend 
upon the size of the solvation sheath which surrounds the ion in solution. The size of the 
solvation sheath is determined by the charge/ionic radius [70]. The detection of sodium at 
the crack tip is expected as it is a small cation (charge/ionic radius = 9.80) [177] which can 
easily migrate to the tip of the cathodic crevice. The m/z 40+ fragment (calcium cation) 
is also intense around the cathodic crack tip. The speed of ion migration is about the same 
for calcium as for sodium as the charge/ionic radius for calcium ions is 10.15. This 
demonstrates that the movement of ions within the failure region is dictated by 
electrochemical considerations.
The m/z 17' peak (OH') confirms the high concentration of hydroxyl ions at the crack tip. 
This is expected as they will be formed by the cathodic reduction of water at the cathode. 
The m/z 35' and m/z 37' data (Cl35' and Cl37') both show identical trends. The plots confirm 
that chlorine is present in the inner region near the crack tip and that it is absent from the 
outer surface of the joint overlap. This confirms the XPS result and once again raises the 
question of chloride ion mobility within the failed region. The chlorine profiles and the 
sodium profiles are not the same. It is likely that chlorine has reached the bond line (from 
the adhesive or water) and that it then starts to segregate towards the anode (outer region). 
This explains the displacement (compared to sodium) shown in the position of the chlorine 
rich region towards the outer anodic region. The localised chemistry and migration of 
species within the adhesive bond are shown schematically in Figure 6.13.
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Figure 6.13 Schematic of failure within a lap shear joint overlap after 7050 hours in 
water @30°C.
The main aim of the ToF-SIMS investigation was to determine the exact locus of failure, 
ie was there a thin epoxy overlayer. Analysis of the results show that there are many mass 
peaks associated purely with the central adhesive region, Figure 6.12 Peaks at m/z 73+, 77+, 
98+, 105+, 107+ and 207+ amongst others are all attributable to organic material. These mass 
fragments arise either from the bulk adhesive formulation (amine cured epoxy) or from 
minor additions such as silicones/siloxanes and fillers which are often added to fully 
formulated adhesives. Unfortunately, the exact content of the adhesive is unknown as it is 
a fully formulated commercial system. The clear discrimination between the central and 
outer regions for all of these mass fragments combined with the very high sensitivity of 
ToF-SIMS confirms that epoxy adhesive is not present on the apparently metal surface. 
This indicates that under the test conditions used here, true interfacial failure has occurred 
at the iron oxide to epoxy interface, however, the presence of nitrogen on both sides of the 
failed joint (easily detectable by XPS) suggests that failure has either occurred through a 
surface nitrogen rich phase or that nitrogen has back deposited in the failed regions.
186
Chapter 6: Interfacial Chemistry o f  Adhesive Joint Failure.
6.4 General Discussion
The analysis of a failed lap shear joint has been investigated using a multi technique 
approach. Failure of joints (both control and yttrium treated) immersed in water is seen to 
involve a two stage process and this can be observed visibly by inspecting the failure 
surfaces. The yttrium layer, although not enhancing adhesion in this case, has proven to be 
tenacious to environmental attack by water. Two clear regions develop on samples tested 
for 1200 hours in water, these are associated with cohesively failed epoxy and a region of 
apparent interfacial failure. XPS of this apparently metal oxide region indicates that failure, 
if not uniformly interfacial, is primarily interfacial with possible small island like regions 
present. This failure region appears identical to that identified as zone 1 on the longer 
exposed test sample.
After 7050 hours in water three regions appear on samples. These are the central cohesively 
failed epoxy and a ringed outer "metallic"surface which shows a bright metal surface at the 
joint centre (zone 1) and a duller region towards the joint edge which is a result of oxide 
thickening on exposure to water (zone 2), this is confirmed by XPS. Analysis of the halo 
using small spot analysis (Scienta ESCA 300) showed that chlorine was present in the inner 
region in fairly high quantities, however, the outer (dull) region contained no chlorine. 
Exact binding energy measurements have enabled the chlorine to be distinguished as a 
chloride ion from a highly ionic salt such as KC1 or NaCl. The distribution of species 
across the failure region has been further analysed using spatially resolved techniques and 
macro line scans have been produced both by XPS and ToF-SIMS. The mobility of species 
can be assessed from these line scans and they allow the structure suggested in Figure 6.13 
to be proposed.
On exposure, water permeates into the adhesive and diffuses towards the centre of the 
bond. Bulk diffusion calculations in Section 5.7.1 proved unable to determine whether 
water ingress was controlled by bulk diffusion through the adhesive or by surface diffusion 
or diffusion through a modified outer region within the epoxy. The actual cause of 
delamination is still a matter of discussion with several routes being suggested. Cathodic 
disbondment due to the presence of electrochemical potentials and a high pH at the crack 
tip will result in bond breaking and subsequent failure of the adhesive, this is identified as 
zone 1. Once disbonded, the epoxy displaces from the metal at a slower rate to the
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disbondment (bond breaking) to produce a crevice (zone 2). The disbondment front (which 
just breaks the bonds) occurs at 18.5 pm per day to yield zone 1 whilst the slower 
delamination front (where the epoxy is physically moved from the metal surface allowing 
a crevice to form) proceeds at 10.2 pm per day in water at 30°C which gives the visually 
identifiable zone 2.
The yttrium pretreatment has already been shown to have an uncertain benefit as far as wet 
adhesion is concerned for this particular system (Section 5.3). This is not unexpected 
considering the failure mechanism which operates in the low oxygen test environment. 
Failure is not caused by substrate hydration, but by cathodic delamination (high pH) which 
leads to interfacial failure between adhesive and substrate.
The presence of cations at the interface (detected by XPS and SIMS) is known to result in 
an increased failure rate due to solvated ions moving through the polymer allowing water 
ready access to the region [70], This work considered downward diffusion of cations and 
water molecules, however, the observation is also valid for lateral diffusion. The rate of 
failure is also dependent upon the cation present with delamination rates being higher for 
solutions containing potassium ions than lithium, sodium or barium electrolytes of 
equivalent concentrations in the order of K,Na,Li and Ba [74]. A fast solvated ion will 
allow water to move quickly behind it, however, a much slower ion (Mg2+, charge/radius 
= 27.78) will hinder the movement of water resulting in slower failure [70]. In this case 
small mobile ions are present, therefore water will be able to move through the adhesive 
at a higher rate. This will result in increased electrochemical attack and subsequently faster 
bond breakage. The outer region which undergoes oxide growth is likely to be anodic, 
however, oxide growth on cathodic surfaces is also possible [75]. Ideally, to resolve this, 
the cation/anion ratio could be determined for both the inner and outer regions from XPS 
measurements. This would allow the anodic or cathodic nature of the outer surface to be 
resolved. However, the physical displacement of the adhesive in the outer region leads to 
enhanced ionic mobility and as such, various species can be lost to the bulk solution. Such 
an approach is therefore not possible for this system.
Before separation, the delaminated surfaces merely remain in contact without becoming 
displaced from one another. This results in a very low volume debond (zero volume
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debond!). At a critical point, the delaminated faces separate allowing bulk solution to fill 
the crevice which forms. This increased volume allows post failure oxide growth as well 
as ionic mobility. Oxide growth is evident from both the survey spectra taken from the 
outer and inner regions and is demonstrated in the Fe2p3/2 E-X scan which shows the 
metallic component reducing in intensity towards the outside of the joint. Increased ionic 
mobility is apparent from the chlorine signal which shows chloride ions being removed 
from the crevice region towards the more anodic outer surfaces. Towards the centre of the 
bond (zero volume debond) the surfaces have not separated, thus ions move very slowly 
in this region. The chlorine signal is much higher for this central region indicating that 
chloride ions are prevented (physically) from reaching the outer anodic surfaces.
6.5 Conclusions
A thin yttrium hydroxide layer proves tenacious during exposure to water for 7050 hours 
at 30°C. However, this pretreatment alone does not improve durability.
After 1200 hours, failure can be attributed to two clearly defined regions. A central 
cohesively failed region and an outer apparently interfacial region. There is no evidence of 
epoxy fragments on the metal surface, however, nitrogen is apparent (by XPS) on both 
failure surfaces. The source of the nitrogen is not clear and three possible scenarios exist 
to account for its presence on the failed metal surfaces. It is either present as a 
discontinuous layer resulting from failure within an enriched amine rich surface phase 
within the adhesive, from leeching and subsequent re-deposition of nitrogen rich phases 
from the adhesive or from adsorption of atmospheric nitrogen on failure.
After 7050 hours in water at 30°C there is a ringed structure within the outer metal region. 
This appears dull towards the joint edge and shiny towards the centre of the joint (crack 
tip). XPS confirms that a thicker oxide has formed in the outer region. The inner zone 
corresponds to the interfacial failure (ie cathodic delamination) of the 1200 hour joint.
Small area XPS shows the presence of chlorine (as chloride ions) within the inner shiny 
region. No chlorine is detected in the outer region. It is proposed that although the entire 
failure surface has disbonded upto the crack tip, the delamination front (when a physical 
crack of a given volume is formed) has only opened upto the transition between the two
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regions. It is therefore proposed that two failure fronts exist in this system. The faster 
disbondment front operating at 18.5 pm/day and the slower at 10.2 pm/day.
The data from XPS and SIMS analyses have been processed to produce line scans across 
the joint overlap. These plots show the spatial distribution of species present within the 
failure regimes. The presence of cations (sodium and calcium) at the crack tip indicate 
electrochemical activity whilst the absence of chloride ions in the outer region suggests that 
this region has better mobility thus allowing anions to migrate towards the anode. The 
presence of chloride ions in the cathodic region near the crack tip confirms that this region 
is of much lower volume thus preventing easy ionic movement.
There is a high silicon signal in the outer region, both XPS binding energy measurements 
and SIMS analyses of this outer region enable this silicon to be identified not as a silicone 
but as silicate from the glassware. It is likely that contamination has occurred post failure 
after the outer region has opened up allowing movement of species from the bulk solution 
to occur.
Electrochemical activity detectable from the movement of various ions indicates that the 
adhesive joint is under attack from cathodic delamination. However, without an applied 
potential, the pH achieved at the crack tip will not be sufficient to cause oxide reduction.
A schematic of the failure region as a result of electrochemical activity prior to mechanical 
separation is proposed (Figure 6.13).
This work has shown the benefits of using a range of small area and imaging 
spectroscopies including SAXPS, iXPS and ToF-SIMS in a complementary manner to study 
a complex system.
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The Organisation of Methoxysilane Molecules on Iron
7.1 Introduction
The mode of use of silanes to enhance adhesive durability is the subject of much 
controversy, however, their benefit when used in a well controlled manner is well 
documented [48,53], To obtain enhanced performance it is essential to deposit a thin, 
chemically bound, tenacious silane layer, as thick silane layers, such as those deposited 
from aqueous solutions, can give rise to a weak boundary layer and hence premature 
failure. To study the adsorption process, uptake isotherms produced using XPS have been 
shown to offer useful information including the type of adsorption, ie Tern kin or Langmuir. 
Monolayer coverage as well as heats of adsorption can also be determined using such an 
approach [33,34], The nature of the silane layer in terms of molecular orientation and 
bonding to the substrate material is of great importance, as, to achieve optimum 
performance it is desirable to promote primary bonding between the substrate and the silane 
adhesion promoter. For iron adherends this relies on the formation of a Fe-O-Si bond 
between the substrate and the silane. Many previous workers have studied silane layers 
using secondary ion mass spectrometry (SIMS) and have reported the presence of a m/z 
100 peak which has been assigned to the Fe-0-Si+ ion [44,53]. Such evidence indicates 
that primary bonding is occurring and it is a common belief that the silane molecules align 
in an orderly fashion with the silicon containing end towards the iron substrate.
Most previous work has used quadrupole SIMS to study the silane layer. Early analyses 
[53] used a high primary ion current during the period in which the quadrupole was 
scanned sequentially over the mass/charge range of interest, and resulted in analysis from 
a considerable depth. In the current study, time of flight SIMS (ToF-SIMS) has been used 
to create depth profiles through the silane layer. This has enabled thin silane layers to be
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investigated in an attempt to gain information regarding molecular alignment. Such an 
approach is well documented and was first used to study monolayer coverages on silver 
catalysts by Benninghoven [178].
Much work has been performed on silane films by van Ooij and co-workers. In a recent 
paper ToF-SIMS, XPS and AES were used to characterise thin films [58]. ToF-SIMS 
enabled organic ions to be identified although no Fe-O-Si bonds were detected for 
aminopropyltriethoxy silane (y-APS) or N-(2-aminoethyl)-3-aminopropyltrimethoxy silane 
(y-AEAPS) on cold rolled steel. It was concluded that ToF-SIMS was more useful than 
XPS or AES for determining structural characterisation as it allowed similar aminosilanes 
to be distinguished from one another by means of molecular fingerprinting [58].
Recent advances in computer power have enabled molecular modelling techniques to 
become far more readily available and there are now a number of groups working in the 
field if adhesion. Sennett et al [179] have used molecular dynamics to study the interactions 
between epoxy monomers and alumina surfaces. They determined the preferential 
orientation of such molecules with respect to an alumina surface and concluded that 
"simulations could potentially be used to aid the design of improved adhesives". Molecular 
modelling has also been utilised by Taylor et al [38] to investigate the interaction between 
a minor component from an adhesive formulation and an alumina substrate. Here a 
"docking option" within the Sybyl software was used to study the orientation of an 
adsorbed molecule. Further work by Sennett et al [180] investigated the interaction between 
silane adhesion promoters and metal oxide surfaces using molecular dynamics. They studied 
the interaction between GPS and both alumina (corundum) and iron oxide (haematite). 
However, great care must be taken when performing such studies using molecular dynamics 
as it essential to investigate adsorption at a loading site associated with a global minimum 
energy, rather that a site associated with a higher energy local minimum. To this end, the 
modelling of silanes in this study has been performed using a two stage approach consisting 
of sorption (in an attempt to locate a loading site associated with a global energy minimum) 
and molecular dynamics to determine the molecular orientation of a silane molecule at the 
surface.
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7.2 Experimental Parameters
7.2.1 X-Ray Photoelectron Spectroscopy (XPS)
XPS was carried out using a VG Scientific ESCALAB Mkll spectrometer, this was 
operated in the constant analyser energy (CAE) mode using pass energies of 50 eV for 
survey spectra and usually 20 eV for high resolution spectra. Operating conditions are given 
in Table 3.3. In some cases core level spectra were acquired using a higher than normal 
pass energy (50 eV), this was necessary to achieve good counting statistics for 
quantification as the intensity of the Si2p or Si2s photoelectron peak is very low due to the 
small quantity level of silicon present and its relatively small photo electron cross section 
[105], Aluminium K a radiation (anode power = 300 W) was used and the analyser chamber 
pressure remained below 10'9 mbar during analysis. Peak areas were measured (using the 
VGS 5000S datasystem based on a DEC PDP11/73 computer) and Wagner sensitivity 
factors were used to determine the surface elemental composition. The silicon 2s 
photoelectron peak has been used primarily for quantification purposes due to problems 
associated with overlaps of the silicon 2p with the iron 3s peaks. Wagner sensitivity factors 
have been used for both the Si2s and the Si2p peaks although it has also been noted that 
the accuracy of the Wagner sensitivity factor for the silicon 2p orbital maybe poor [108]. 
However, determination of a sensitivity factor for Si2p in our laboratory has indicated that 
use of the Wagner value was justified and when necessary the Si2p peak has been 
quantified using the Wagner value. Ion etching was performed using a VG AG21 argon ion 
gun at a specimen etch current of 20 pA at lxlO^1 mbar chamber pressure.
7.2.1.1 Calculation of silane thickness
The thickness of the silane layer can be determined from the Beer-Lambert equation 
(Equation 7.1) by either angle resolved XPS (ARXPS) or by considering the attenuation of 
the substrate signal.
^  = eXP( l T i S 0 )  Equation 7.1
Where Id is the intensity of the electrons attenuated by an overlayer of depth, d (in nm), 
Iw is the intensity from an infinitely thick clean substrate, 0 is the electron take off angle 
(defined in this work as being relative to the sample surface) and X is the inelastic mean 
free path (IMFP) of the emitted electron in the substrate material.
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To measure the attenuation thickness via these routes it is first necessary to make a number 
of assumptions. The Beer-Lambert approach assumes that there is a uniform coverage of 
the attenuating species. To verify this, uniformity of the silane deposit can be determined 
from ARXPS. For a continuous overlayer, a plot of In Id (of the iron signal) versus l/sin0 
will give a straight line of gradient -dIX and Y intercept at X = 0 of In 1  ^(Equation 7.1). 
In this case the I*, value will be for the iron oxide ( f / 6^ )  as only a very small metallic 
component is observed on a typical iron core level spectrum (Fe2p3/2) for the coated 
system. The inelastic mean free path in die term -d/A refers to that of the Fe2p 
photo electron attenuated predominantly by the silane overlayer. A value for the Fe2p 
photoelectrons in the silane is needed as any signal from the metal has been attenuated by 
the silane overlayer. Such a value is not readily available in the literature although there 
are many reports for A of a variety of energies through polymeric materials. In this work 
the recent calculations by Tanuma et al have been used. They show that there is little 
variation in A, for electrons of a particular energy in a range of organic compounds, the 
largest dependence is with the kinetic energy of the attenuated photoelectron. A value of 
A,= 2.6 nm for the Fe2p photoelectron (KE 778 eV «  800 eV) has been used as a value 
typical of attenuation within an organic overlayer [99],
The total attenuation thickness can also be determined by considering attenuation of the 
iron signal. This is achieved by comparing the iron intensity from the silane covered iron 
to that for a clean iron surface. To do this, a silane covered iron substrate was first 
analysed to determine the surface composition, in particular the attenuated iron signal. The 
sample was then heavily ion etched within the spectrometer (6 kV, 3 kV focus, 20 pA 
specimen current for 30 minutes) (until no C ls or O ls signal was evident in the survey 
spectrum) to remove the overlayer and to expose the metallic iron signal. The intensity 
obtained for the iron signal from this etched surface (under the same analysis conditions) 
was then used as the value of ij^ . This value of I,/* refers to the metallic component 
I^ Fe(Me) ag js veiy little, if any, oxide on the heavily etched sample. To use this 
approach it is necessary to assume that the value of Ijf* for the metal is the same as that 
for the oxide, I00FetOx). The validity of this assumption can be checked by comparison with 
the value of I^ ^ 0^ determined from ARXPS in the manner described above.
Both routes give the total attenuation thickness. This attenuation thickness consists of all
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components which attenuate this iron substrate signal, ie both silane and any carbon 
contamination that has not been displaced by the silane deposition. The ARXPS route 
involves analysing one sample at a number of different take off angles whilst the ion etch 
route necessitates heavy ion etching of the sample as a value of I ^ 6 is required. Both 
routes are equally valid as they both depend on the assumptions made in the Beer-Lambert 
approach.
7.2.2 ToF-SIMS
Analyses were made using a VG Ion ex Type 23 mass spectrometer fitted with a 
Poschenrieder analyser and a 30 kV gallium liquid metal ion gun according to the 
parameters defined in Table 3.6.
Positive ion spectra were recorded for the silane samples, it was not possible to produce 
depth profiles for both positive and negative ions as there is a slight shift in analysis 
position when switching between positive and negative analysis. Depth profiles were 
created by etching at a lower magnification (x 100) with a continuous ion beam of 2 nA 
and then analysing at a higher magnification in the static regime, this scheme is illustrated 
in Figure 7.1.
Etching at x100 magnification
Analysis at x200 
magnification
Figure 7.1 Schematic of the SIMS depth profiling experimental setup.
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All the SIMS data have been normalised by dividing the intensity of the mass peak of 
interest by that of the total counts minus gallium counts ie [counts in peak]/[(total counts 
m/z 0-200)-(counts of 69Ga+ + 71Ga+)]. This corrects for the reduced total intensity which 
is observed on etching and also for the increased signal associated with implanted gallium. 
Normalising also reduces any effect due to a variation in the specimen current which may 
occur between different analyses. To perform such normalisation it is necessary to heavily 
process the raw SIMS data, this is achieved by transferring the intensities of each mass 
peak to a spreadsheet (Quattro Pro 4) on a PC to facilitate inspection and subsequent 
normalisation. Depth profiles can then readily be produced by plotting the normalised ion 
intensity versus etch time. No attempt has been made to relate the etch time to etch depth. 
Ideally this could be performed, however, it would require the accurate etching of several 
standard samples to account for varying sputter yields. This would be a fairly involved 
process and was not carried out as part of this investigation. Plots of intensity versus etch 
time are perfectly acceptable as a means of noting relative changes in intensity with 
apparent depth. However, the thickness of the silane layer, as determined by XPS, does 
give a guide to the depth of analysis as a function of etch time.
7.2.3 Silane Deposition
The silane used in this study was 3-glycidoxypropyltrimethoxysilane (GPS)(Union Carbide 
A184), the structure is shown in Figure 7.2 (a) and 7.2 (b) for fully hydrolysed GPS.
H
Ii—C—H H
I
H O H H H  H H H O H H H H H H
H—C—H H
(a) H (b)
Figure 7.2 Schematic of the silane molecule (GPS) in (a) its non-hydrolysed state and 
(b) with fully hydrolysed methoxy groups.
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This was deposited from 2 vol % methanol solutions made using HPLC grade methanol. 
The high purity grade was used as impurities can lead to competitive adsorption between 
silane and extraneous species and results in a reduction in the surface concentration of the 
adhesion promoter [33]. Substrates were made from >98% pure iron (Goodfellow's) and 
were polished to a 6 pm finish and subsequently cleaned using an ultrasonic bath 
containing acetone. The polished samples were then immersed in water for 300 s prior to 
silane deposition to ensure that the surface was fully hydrated. Such a process is known 
to lead to the surface passivation with a thin layer of FeOOH [160]. This is the surface 
phase of mild steel commonly used in an industrial environment [75],
The silane solution was made one hour prior to deposition, this time was kept constant to 
ensure that each solution had hydrolysed to the same extent prior to deposition. Although 
methanol solutions were used, low levels of water present in the solvent would ensure that 
some silane hydrolysis took place. Deposition was achieved by immersing the iron 
substrates in the silane solution for two minutes at ambient temperature (20°C), after 
deposition the iron was washed using fresh methanol for 30 s to remove any excess silane 
solution. Specimens were then drained and lightly dried using a metallography drier prior 
to storage in a vacuum desiccator. The deposition time was determined via an initial study 
to determine the kinetic equilibrium time. This was achieved by monitoring silane 
deposition as a function of immersion time and ensuring that the chosen deposition time 
resulted in maximum uptake (ie the uptake plot has reached a plateau). Such a plateau was 
reached after less than 2 minutes, however 2 minutes was chosen as this enabled samples 
to be produced with a level of reproducibility. The effectiveness of silanes deposited in this 
manner has been confirmed by the durability studies described in Section 5.6. Modified 
wedge cleavage tests using Araldite 2013 adhesive have shown significant improvements 
in durability when the silane treatment was employed with mild steel adherends; this is 
discussed in Chapter 5.
7.2.4 Molecular Modelling
A commercially available molecular modelling package (Molecular Simulations' Cerius2) 
has been used in this study to investigate the interaction between silane molecules and a 
hydrated iron surface (FeOOH). This has been performed in a two stage process using both 
sorption and molecular dynamics routines using the Universal 1.01 force field which is
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incorporated into the Cerius2 software. The structures of fully hydrolysed silane molecules 
were optimised and assigned charges using a quantum mechanics approach (MOPAC 6- 
PM3). The atomic charges were than averaged to give a zero molecular charge prior to 
sorption. The substrate (FeOOH, lepidocrocite) was obtained from the Cerius2 structure 
database. This was cleaved along the 001 direction, assigned nominal charges and made 
into a periodic cell.
The sorption routine was used in an attempt to determine the minimum energy adsorption 
site on the substrate and involves a Monte Carlo process to move the silane molecule 
around a periodic analysis cell. This process was allowed to proceed until a plateau in the 
total energy of the system was reached and this usually occurred for a system containing 
1 molecule within 500,000 steps. The conformation of the silane molecule is fixed during 
the sorption process.
Constant NVT (number of atoms, volume and temperature) molecular dynamics 
incorporating a quench routine (performs a set number of minimisation steps at a given 
interval throughout the analysis) have been used in this study to search conformational 
space. Isothermal dynamics was chosen as it allows energy to be taken from a heat bath 
to overcome rotational barriers. Running dynamics for 50 ps resulted in a trajectory file for 
the total energy which formed a plateau rapidly to represent a series of low energy 
structures. The trajectory file was then analysed to determine the lowest energy frame and 
associated structure. This technique models the effect of the substrate on the adsorbing 
silane molecule and results in a representation of the silane's orientation on the substrate.
Three different silane molecules have been studied using molecular modelling; these are 
3-glycidoxypropyltrimethoxysilane (GPS), y-aminopropyltriethoxysilane (APS) and 
vinyltriethoxysilane. In each case the silicon end groups have been fully hydrolysed to give 
the silane triol. These structures were produced using the builder module within Cerius2, 
minimised using conjugate gradients molecular mechanics (Universal force field, QEq 
charge equilibration) to produce a starting structure. The geometry and charges were then 
refined using the MOPAC 6 PM3 routine.
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7.3 XPS of silane films on iron
7.3.1 Stability of silane film during XPS analysis
Before attempting to perform any detailed analyses on the silane deposits it was first 
necessary to determine their stability under the X-ray source used for XPS. To this end a 
silane film deposited from a 0.5 vol% methanol solution (2 min deposition at 20°C) was 
analysed repeatedly under the X-ray flux to determine its stability. Standard XPS analysis 
conditions given in Table 3.3 were adopted using AlKa radiation and a 45° take off angle. 
The X-ray source was wound in fully to give good sensitivity. An initial analysis was 
obtained from the silane coated sample. Conditions were optimised to ensure that the initial 
analysis of the silane deposit was performed with minimum damage. Due to this, high 
resolution spectra were obtained sequentially starting with the silicon region (ie Si, Si, Si, 
O, O etc). This is not normal as it is more common to acquire multiplexed spectra (ie Si, 
C, O, Fe, Si, C, O etc). To determine the effect of X-ray induced damage the sample was 
positioned in the X-ray flux and spectra were obtained every 10 minutes. These spectra 
were then quantified using appropriate sensitivity factors and the results, as a function of 
time, are given in Figure 7.3.
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Figure 7.3 Plot to determine silane stability under an X-ray flux. Quantified XPS of a 
silane film deposited from a 0.5 vol% methanol solution.
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Results show that the silicon intensity has remained fairly constant during the prolonged 
exposure to X-rays. This indicates that the silane films are not prone to desorption or gross 
degradation under the analysis conditions used for XPS in this study.
7.3.2 Initial XPS studies of a silane layer on iron
Before analysing a silane film any further it was first necessary to check the purity of the 
iron used and to confirm the nature of the oxide film present (ie is it FeOOH). It was also 
necessary to check the methanol used in this study for impurity species that could compete 
with GPS for adsorption sites. To this aim a polished iron stub was analysed and was then 
re-analysed following immersion in pure methanol (no silane) under the same conditions 
as for silane deposition. Results from the cleaned iron surface are given in Figure 7.4 and 
show spectra typical of hydrated iron with two clear components present in the Ols 
spectrum associated with O2' and OH‘ (from FeOOH).
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Figure 7.4 XPS spectra from a polished iron stub prior to silane deposition, 
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After immersion in methanol a very small silicon signal was apparent on the iron surface 
and quantified results from this analysis are given in Table 7.1.
Carbon (at%) Oxygen (at%) Iron (at%) Silicon (at%)
35.0 43.6 20.9 0.5
Table 7.1 Quantitative XPS Analysis of iron sample after simu ated silane deposition,
using solvent only (0=45°)
Although a very small silicon signal was present it was barely distinguishable from the 
noise and consequently only 0.5 at% silicon was recorded. This value represents both the 
quantity of silicon adsorbed from the solution and glassware and also the error introduced 
in recording quantitative analyses of silicon on iron.
An XPS survey spectrum and an enlarged 0-250 eV region for a silane layer deposited from 
a 0.5 vol% GPS in methanol solution (2 minute deposition at 20°C) are given in Figure
7.5 (a) and (b). The survey spectrum shows a very clean iron signal and peaks associated 
with carbon and oxygen. The low silicon signal makes it necessary to expand the spectrum 
in the low binding energy region to distinguish both the Si2p and the Si2s photo electron 
peaks. The enlarged region shows peaks associated with silicon, iron and oxygen. The 
proximity of the Fe3s and the Si2p peaks (92 eV and 99 eV respectively) precludes the use 
of the Si2p in the quantification routine as peak overlapping occurs. The Si2s peak which 
has similar binding energy to the Si2p (152 eV vs 99 eV) was therefore used for 
quantification. The similarities between their binding energies (and hence kinetic energies) 
results in both photo electrons having a similar inelastic mean free path and resultant 
analysis depth.
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Figure 7.5 XPS spectra from a silane deposit deposited from a 0.5 vol% methanol 
solution, (a) Survey spectrum, (b) Enlarged 0-250 eV region.
7.3.3 Adsorption Isotherms
Uptake studies have been performed for different concentrations of GPS in methanol 
solutions onto carefully polished (6 pm finish) iron stubs at 20°C. The deposition process 
described previously has been strictly adhered to and every care has been taken to ensure 
reproducibility in the experimental process. The level of silane deposited on the iron has 
been monitored by XPS using the Si2s peak for quantification. The results from 40
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experiments (performed in several sets denoted by different symbols) are given in Figure 
7.6 against curves for both Langmuir and Temkin adsorption. It is clear that there is 
considerable variation in the silane uptake and that neither Temkin or Langmuir equations 
model the experimental results well.
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from methanol solutions (2 min dep)
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Figure 7.6 Results from silane adsorption studies on iron. Quantified silicon uptake 
(XPS) as a function of silane solution concentration.
Previous workers have shown Temkin behaviour for the adsorption of vinyl triethoxysilane 
(CH^CH-S^OCHjCFy) on iron [33]. They concluded that the vinylsilane molecules 
adsorbed as a highly ordered monolayer with the silicon end always towards the iron 
surface and the remaining part of the molecule aligned in a tooth brush like fashion to the 
surface. In this case photoelectrons emitted from the silicon atom are all attenuated by the 
same extent (by the remainder of the organic molecule) and hence the silicon signal would 
merely be a function of the surface coverage for given experimental conditions. However, 
if the silane molecules were not all highly aligned, the silicon signal would also be a 
function of the orientation and thickness of the silane layer. Results from an uptake study
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for such a system would not show a clear dependence between silicon signal and silane 
concentration and it is suggested that such a disordered deposit is formed in this study.
7.3.4 Determination of silane film thickness
Results from ARXPS are given as a plot of In IdFe versus 1/sinG (Figure 7.7). This gives 
a straight line indicating that there is a uniform overlayer.
ARXPS: Silane on Iron Film 
Using Raw counts (Intensity kCeV/s)
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Figure 7.7 Results from ARXPS. Plot of In IdFe vs 1/ sin 0, the straight line indicates 
that there is a uniform overlayer, the thickness of which is determined from 
the gradient. The intercept at X=0 gives the value of In ,/6.
Fitting a straight line to the ARXPS data gives a good fit with a least squares analysis 
giving R2 = 0.9764. This allows the intercept with the Y axis to be determined. Linear 
regression gives a value of 7.35 for the intercept, hence In ieoFe<0x) = 7.35 for the iron oxide. 
The overlayer thickness (attenuating species) can also be calculated from the gradient 
(numerically equal to -d/X). Using the value of 2.6 nm for the inelastic mean free path of 
Fe2p photoelectrons in a silane layer, a value of the overlayer thickness of 1.7 nm is found. 
This, in association with the linear fit to the Beer-Lambert Equation, confirms that silane
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deposition from a methanol solution results in a thin continuous silane layer.
A value of In 1^  for metallic iron (IooFe(Me)) can be found from the heavily etched iron 
specimen, analysis of the etched surface was performed under the same experimental 
conditions. The intensity of the iron peak (Fe2p3/2) for this ion etched surface was measured 
as 1520 kilocounts eV s'1 (kceV/s). This gives a value of In I , / 6^  of 7.33. The similarity 
between this value (for predominantly metallic iron) and the value from the ARXPS work 
(which is mainly from iron oxide) is striking and justifies the assumption that i j^ 6 = I j 3*, 
which is often made in oxide thickness calculations.
Quantitative XPS of a GPS layer on iron at an electron take off angle of 45° is given in 
Table 7.2.
Silane cone Carbon (at%) Oxygen (at%) Iron (at%) Silicon (at%)
2.0 vol % 25.2 58.6 12.2 4.0
Table 7.2. Quantitative XPS Analysis of a Silane Layer (0=45°)
It is possible to calculate the carbon and oxygen signal associated with the silane signal, 
by comparing the quantified XPS results with known stoichiometry, to do this the fully 
hydrolysed silane molecule has been considered, ie C6 0 5 Si H13 (Figure 7.2 (b).
Thus for GPS; 4.0% silicon will be associated with 24% carbon and 20% oxygen. This 
indicates that the carbon signal is entirely associated with the silane molecules. This 
confirms, that on deposition, the silane layer displaces the adventitious carbon 
contamination. This is predicted by surface thermodynamics (ie work of adhesion 
calculations) as the adventitious carbon bonds weakly with dispersion forces to the 
substrate. This is consistent with the work of Cayless and Perry [44], and indicates that the 
overlayer thickness of 1.7 nm does indeed represent the thickness of the silane layer 
deposited from the methanolic solution.
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1A ToF-SIMS of silane films on iron
A ToF-SIMS spectrum from the silane layer is given in Figure 7.8 before etching and in
Figure 7.9 after a 150 s etch. These are plotted using raw counts to show the true surface
before data processing. The peak intensities of the zero etch time spectrum have been
sorted in order of decreasing magnitude and the 15 most intense peaks are given in Table
7.3 with their mass assignment.
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Positive SIMS spectra from the silane film (0-200m/z): Etch time = 0 s.
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Figure 7.9 Positive SIMS spectra from the silane film (0-200m/z): Etch time = 150 
seconds.
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Sort Order m/z Intensity /counts Ion / Fragment
1 56+ 22976 56Fe+
2 57+ 7956 57Fe756FeH7C3H50 + H H H  
1 1 1 
+ C—C—c —H 
1 '  f  
H O
3 29+ 6200 C2H57SiH+/29Si+ H  
1 +
H—C—C—H  
1 1 
H H
4 28+ 4906 28Si+
5 27+ 4052 c 2h 3+ H
1
H—C =C —H 
+
6 43+ 3882 CH328Si+ CHj— Si+
7 41+ 3846 c 3h 5+ H  
+ 1 
CH3— C = C —H
8 39+ 2372 c 3h 3+/k + H
1 +
H—C = C =C —H
9 55+ 2279 Mn+/C3H30 + H
1 +
H—C = C = C —OH
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10 45+ 2272 28SiCH5+ H H
H—Si— C+ 
1 1 
H H
11 31+ 1876 30Si+H/CH3O+ H
1
H—C—O—H 
+
12 54+ 1706 MFe+
13 r 1539 H+
14 15+ 1515 c iv  +CHj
15 73+ 1307 28SiC3H9' cHg
+ Si —CHg
CH3
Table 7.3. The 15 most intense ion fragments from the silane film.
The fragments listed in Table 7.3 arise from the silane layer and the iron substrate. The m/z 
73+ is assigned to low molecular weight siloxanes which are present in the commercial 
silane as contaminants. The absence of other typical siloxane peaks at m/z 117*, m/z 133+ 
and m/z 147* show that the sample is not contaminated with large levels of 
polydimethylsiloxane (PDMS) which is a major contaminant present in much SIMS work. 
To understand the nature of the very high iron signal (m/z 56+) it is first necessary to 
consider the depth of analysis in SIMS and the nature of the silane film. The exact analysis 
depth for atomic species in SIMS is a subject open to debate. Many workers suggest that 
the depth of ion production is very low for static SIMS (typically less than 1 nm) and that 
a monolayer organic overlayer would result in the substrate signal being completely 
attenuated. This general view has now been questioned by several workers [141,143] and 
a higher sampling depth has been suggested for atomic species under analyses with a high 
energy primary ion beam of relatively high mass (eg 26 kV gallium ions).
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The continuity of the silane film must also be addressed here. ARXPS has shown a uniform 
silane overlayer on the iron substrate. The accuracy of this type of experiment confirms that 
there is no large scale heterogeneity in the silane layer and that most of the iron (at least 
-80%) is covered with a silane film. Therefore, if the silane layer is discontinuous these 
discontinuities must be on a small scale (ie pin holes). To explain the belief that the silane 
layer is continuous and that the iron signal can be detected through the silane film (higher 
sampling depth) it is necessary to consider two different cases:
If the silane is not uniform and it attenuates all (or a very high portion) of the substrate 
signal, then etching this surface would result in a discontinuous etch profile for the 
substrate (m/z 56+) peak. On initial etching the iron islands would result in the m/z 56+ 
signal, the intensity would therefore slowly increase with etching as these islands become 
cleaner as attenuating species are removed. At a critical etch time the silane layer would 
reach a thickness which would allow the substrate signal to be detected, at this stage there 
would be a large step in the intensity of the m/z 56+peak.
The second scenario is that the silane film is continuous (or very nearly continuous) and 
the iron signal can be detected through the silane layer due to a higher than conventionally 
considered analysis depth. In this case the etch profile would be very different to that 
proposed for the first scenario. At etch time zero, the iron signal is fairly high as the silane 
layer does not fully attenuate the signal. On etching, the attenuating overlayer is reduced 
in thickness and the substrate signal subsequently increases in intensity. This would result 
in a gradual increase in the iron signal until all the overlayer has been removed.
To resolve these imponderables, ToF-SIMS depth profiling was carried out on a silane film 
deposited onto iron. The results from this work are discussed below but essentially show 
behaviour similar to that described in the latter case. It is therefore proposed that the silane 
film is continuous and that the high m/z 56+ signal at etch time zero results from the 
relatively large analysis depth that appears to exist in SIMS when elemental ions are 
sputtered by a high energy primary ion source.
7.4.1 SIMS Depth Profiles
Results from the depth profiling experiments are presented in Figure 7.10 (a-h).
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The m/z 28+ peak is associated with the silicon signal, it is possible that a portion of this 
signal is either due to doubly charged iron (m/z = 56/2) or to hydrocarbon material ie 
C2H4+, however analysis of a pure iron substrate shows that the m/z 28+ peak is very low 
in comparison with the signal from the silane film. The intensity of the m/z 28+ peak 
(silicon) reduces on etching indicating that a silicon containing overlayer is being removed. 
Correspondingly, the m/z 56+ signal (iron) and the m/z 72+ peak (FeO) increase indicating 
that the iron substrate is being exposed on etching. It is interesting to note that the 
fragments associated with the substrate increase in intensity on etching whilst those 
originating from the silane overlayer decrease rapidly on etching. This rapid reduction in 
intensity with etching either indicates the removal of an overlayer or that the decrease is 
merely a function of beam induced specimen damage. However, the increasing signals from 
the substrate suggest that an overlayer is being removed on etching. Fragments from the 
silane can be separated into fragments from the silicon and the epoxy end. Two fragments 
from the silicon containing end are shown here (m/z 79+ and 93+), their intensities reduce 
rapidly on etching. The peak at m/z 57+ is associated with the 57iron isotope and C3H50  
from the epoxy end of the silane molecule. The signal from the iron has been removed 
from the m/z 57+ data to give data for the silane fragment alone. This was achieved by 
using isotope abundance data to determine the total iron signal present (ie m/z 56+ 
intensity/0.9172)[181], The intensity of the 57Fe component was then calculated (ie 
57Fe=2.2% of the total iron signal). The 57Fe component was then subtracted from the m/z 
57+ peak to give the signal for the epoxy end of the molecule. The m/z 57+ component 
could have been resolved on our Reflectron ToF-SIMS system as only a mass resolution 
of M/AM =600 @ m/z 57 was needed. However, the need to process the data to create 
depth profiles limited our use to the Poschenrieder which has an established data transfer 
routine to PC. The m/z 57+ (-57Fe+) signal does not reduce as quickly on etching as other 
silane fragments, this suggests that the epoxy end is not orientated at the top of the layer. 
Such a result would not be observed if the silane deposit consisted of neatly ordered silane 
molecules with their silicon ends towards the iron surface. It suggests that the silane layer 
is far from ordered and probably consists of disordered silane molecules with no preferred 
orientation. However, those with the silane end of the molecule adjacent to the oxidised 
metal surface are able to undergo the expected primary bonding process which occurs via 
a condensation reaction when the hydrolysed silicon comes in contact with a hydrolysed 
iron surface. The m/z 100+ peak increases with etch time, this indicates that the fragment
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associated with it is buried by an overlayer or that it is being formed by the etch process. 
The assignment of the m/z 100+ peak is not straightforward as there are a number of 
options. Three main possibilities are FeOSi+ (m/z = 99.9067), Fe02C+ (m/z 99.9248) and 
Si30  (m/z = 99.9256), however, to resolve these peaks requires a mass resolution (M/AM) 
of 5600 at mass 100. This is not achieved easily even using our reflectron ToF-SIMS which 
has M/AM = 4000 at mass 29 and is well beyond the capabilities of the Poschenrieder 
instrument used in this study. Attempts to identity the m/z =100 component by exact mass 
determination on the reflectron were inconclusive. This process proved very difficult as 
exact mass calibration of the spectra at this mass is limited by the lack of peaks in the 
substrate material suitable for calibration. A standard such as silver (m/z'-107) could not 
be incorporated into the specimen to act as a calibration standard as moving from the silver 
to the analysis area on the silane would result in a change in the spectrometers calibration. 
The production of Fe02C+ on etching an organic layer is however quite likely. To 
determine the possibility of such a peak being produced, an acetone degreased iron stub (no 
silane) was sputtered under the same conditions as the silane film. Heavy etching of such 
a sample did show a minor component at m/z 100+ and the etch profile produced is given 
in Figure 7.11. However, an enlarged m/z 90-100 region of the spectra at increasing etch 
times shows that the m/z 100+ peak does not increase significantly and it does not rise 
above the noise present in the spectrum, (Figure 7.12).
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Figure 7.11 SIMS depth profile of an acetone cleaned iron stub: m/z = 100+.
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Figure 7.12 SIMS spectra for the 90-100 m/z range for an iron stub after etching.
Etch times are (a) 0 s, (b) 120 s, (c) 400 s, (d) 790 s and (e) 1690 s.
It is also unlikely that the m/z = 100+ peak results from Si30 + as it does not scale with the 
silicon intensity which decreases on etching. It is therefore concluded that this peak is 
mainly attributed to the Fe-O-Si bond which is formed at the interface between the iron 
surface and the silane molecule and may contain a minor component from F e02C+. This 
is important as it is a very strong indication that primary bonding exists between the silane 
and the iron substrate. To demonstrate that the m/z 100+ peak intensity increases on etching
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for the silane film and is not an artefact caused by the entire spectrum intensity increasing 
due to increased noise, the 90-100 m/z range of the spectra at different etch times is plotted 
in Figure 7.13.
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Figure 7.13 SIMS spectra for the 90-100 m/z range for the silane layer indicating the 
increase of the m/z 100+ peak on etching. Etch times are (a) 0 s, (b) 60 s, 
(c) 150 s, (d) 210 s, (e) 420 s and (f) 1500 s. NB. The normalised intensity 
scale has been set at value of 0.20, this is larger than values used in plots 
of Figure 7.12.
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This clearly shows the m/z 100+ peak being resolved from the noise on etching unlike the 
control iron stub (Figure 7.12). It also demonstrates why under initial static conditions (etch 
time = 0), no mass 100+ peak is observed. This observation is consistent with the ToF- 
SIMS results of van Ooij et al [58]. This is an important factor and must be considered 
when comparing ToF SIMS spectra to early quadrupole SIMS spectra where a much higher 
ion dose results in the removal of considerable amounts of material during a single analysis.
The m/z 128+ peak can be assigned to both Fe20 + and FeOSi2+, this also increases in 
intensity on etching. Once again peak overlaps prevent exact determination as M/AM of 
6800 at m/z 128 is needed to separate these two possibilities. However, it is likely that this 
component is due to both constituents. Analysis of the results spreadsheet for the depth 
profiles allows those peaks which increase on etching to be determined and this enables 
trends to be identified easily. Very few peaks increase with etching, the fact that Fe+, FeO+, 
FeOSi+ and FeOSi2+ increase also confirms that these peaks are associated with a substrate 
which is uncovered by the removal of the thin overlayer.
7.5 Results from molecular modelling
Initially, sorption was performed to determine the loading site on the FeOOH substrate. 
Output from the sorption trajectory file resulted in a plot of the total energy versus 
simulation time. This typically reached a plateau after about 100,000 steps but was allowed 
to proceed until at least 0.5 M steps. The structure associated with the last frame (low 
energy) was then saved and used as the pre-cursor for analysis using molecular dynamics. 
The total energy plot for the sorption of fully hydrolysed GPS is shown in Figure 7.14 and 
it can be seen that a plateau is reached very quickly.
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Figure 7.14 Total energy vs number of sorption steps for hydrolysed GPS on FeOOH.
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The conformation of the sorbate (silane molecule) was kept constant during the sorption 
simulation and the resultant structure associated with the endpoint of the sorption run is 
given in Figure 7.15 for hydrolysed GPS on FeOOH.
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Figure 7.15 The structure associated with the end frame of the soiption simulation for 
hydrolysed GPS on FeOOH.
This structure was then used as the starting point for constant NVT quench molecular 
dynamics. This was performed for a 50 ps simulation and charges were updated 
periodically during the simulation using QEq. This was essential as charges need to be re­
calculated according to interactions with the substrate. A plot of the total energy versus 
dynamics time is given in Figure 7.16 and it is clear that a plateau is reached fairly quickly. 
The trajectory file associated with the simulation is then interrogated and the structure 
associated with the lowest total energy frame is extracted. This is given for the hydrolysed 
GPS molecule on FeOOH in Figure 7.17.
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Figure 7,16 Total energy versus NVT quench dynamics time for hydrolysed GPS on 
FeOOH.
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Figure 7.17 The structure associated with the lowest energy frame of the dynamics 
trajectory file for hydrolysed GPS on FeOOH.
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The structures associated with the minimum total energy frame (from molecular dynamics 
trajectory file) for hydrolysed APS and vinylsilane are given in Figure 7.18 and 7.19.
a .................................................. o
i
*i
1;nvtamino3
Figure 7.18 The structure associated with the lowest energy frame of the dynamics 
trajectoiy file for hydrolysed APS on FeOOH.
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Figure 7.19 The structure associated with the lowest energy frame of the dynamics 
trajectory file for hydrolysed vinyltriethoxysilane on FeOOH.
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Results from the extracted frame can be represented in terms of the total energy and the 
closest contact between the sorbate and the substrate. The results for hydrolysed GPS, APS 
and vinyltriethoxysilane are summarised in Table 7.4.
Sorbate molecule (1 molecule 
onto FeOOH substrate)
Total Energy 
(kcal/mole)
o
Closest contact (A)
Hydrolysed GPS -193.8214 3.00 between SiOH* and 
oxygen on FeOOH
Hydrolysed APS -374.7500 2.33 between SiOH* and 
oxygen on FeOOH 
2.35 between N-H* and 
oxygen on FeOOH
Hydrolysed vinylsilane -360.8928 3.16 between SiOH* and 
H on FeOOH
Table 7.4 Results from structures associated with the lowest energy frame of the 
dynamics trajectory file for hydrolysed GPS, APS and vinylsilane on 
FeOOH.
Results indicate that the GPS molecule does not align perpendicularly with the surface but 
lies flat such that both ends interact. This is in agreement with the results from ToF-SIMS. 
A similar result is obtained for the aminosilane while the vinylsilane appears to align with 
its silicon end towards the iron and its vinyl group away from the surface. This is 
encouraging as it confirms the early findings of Bailey and Castle [33] who studied silane 
deposition and orientation via the use of adsorption isotherms.
The closest contact between silane and substrate is between the hydrogen from the silane 
and the oxygen from the substrate for GPS and APS and between the hydrogen from the 
silane and the hydrogen from the FeOOH for the vinylsilane at about 3 A. It is not possible 
to model the formation of primary bonds using this type of modelling approach, however, 
it is likely that a covalent bond forms between the silicon and the oxygen from the FeOOH 
substrate via a condensation reaction.
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7.6 Discussion
The damage caused by ion etching an organic overlayer is not overlooked and the effect 
of possible recombination effects cannot be ignored when considering the results from the 
ToF-SEVTS depth profiles. However, the latter criticism can also be levelled at most SSIMS 
work. In this case, there are several factors which indicate that the m/z 100+ peak is a real 
effect due to a discrete phase. The m/z 100+ peak (FeOSf) does not scale with the silicon 
or the oxygen peak, if it were merely an artefact caused by recombination of these 
elements, or fragments containing these elements, then such a correlation would be 
expected. Also, on prolonged etching, the m/z 100+ peak finally reduces in intensity, this 
is indicative of a discrete layer which has been removed on etching. It also allows us to 
discard the other possibility, that the silicon signal is associated with impurities present in 
the iron.
Processing the SIMS data using a spreadsheet allows such trends to be observed easily. In 
this case the intensity of peaks after prolonged etching has been noted. In most cases the 
intensity of the peak is so low that it disappears into the noise of the spectrum. Depth 
profiles have been produced for the mass peaks which remain after prolonged etching. This 
allows a complete picture of the damaged surface to be obtained. The peaks which exist 
above the noise after the maximum etch are m/z 56+, 72+, 100+ and 128+ which are 
associated with Fe+, FeO+, FeOSi+ and Fe0Si2+/Fe20 +. It is encouraging to note that these 
features can be assigned to either the iron oxide or to chemical bonding of the silane to the 
iron surface.
The initial presence of fragments from both the silicon and the epoxy end of the silane 
molecule indicate that the silane layer is not highly ordered as has been envisaged in the 
past, with one end of the molecule orienting towards the iron surface. If it were, computer 
modelling predicts that a monolayer coverage of silane would result in a layer about 1.3 
nm thick (Figure 7.20).
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Figure 7.20 Hydrolysed silane molecule oriented normal to a FeOOH surface.
In this case, results indicate that the layer is far more complex and that despite being 
deposited as a thin layer, the silane molecules are oriented in a random manner shown 
schematically in Figure 7.21.
Silane layer1.7 nm
Hydrated iron oxide surface
Figure 7.21 Schematic of the deposited silane structure predicted from SIMS results 
(GPS from methanol on to FeOOH).
If the silane adhesion promoter is to work effectively it is necessary to form a highly 
ordered layer to enable both bonding to the substrate through the silicon end and the 
adhesive through the epoxy end. Silane deposition under the conditions used in this work 
has clearly not resulted in an "ideal deposit" although care has been taken to ensure 
deposition of a thin silane layer. This is in contrast to the earlier work from this laboratory 
which showed that a discrete chemisorbed layer, conforming to a Temkin adsorption
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isotherm, was deposited from a methanolic solution [33]. It should be noted that the earlier 
work was carried out using vinyltriethoxysilane, rather than the GPS used in the current 
work. GPS adsorption is more complex and does not appear to conform to a Temkin 
isotherm, nor any of the accepted schemes used to describe the chemisorption process. Such 
observations merely serve to reinforce the view that silane adsorption is a complex process 
influenced by many process and materials parameters.
Molecular modelling has confirmed the complex nature of silane deposition and has 
suggested that both hydrolysed GPS and APS silane molecules lie flat on the FeOOH 
surface with both end groups near the surface. This is in contrast to the hydrolysed 
vinyltriethoxysilane which appears to align normal to the surface. Such findings are in 
agreement with the early work of Bailey and Castle [33] who used adsorption isotherms 
to suggest that APS molecules aligned parallel to the surface while vinylsilane molecules 
aligned normal to the surface.
7.7 Conclusions
There are a number of specific conclusions concerning the adsorption of GPS from 
methanolic solutions on iron surfaces that can be drawn from this work:
Uptake studies show that the adsorption of GPS molecules from a methanol solution onto 
iron do not conform to known isotherms such as Temkin or Langmuir. Results indicate that 
the silane deposit is likely to be highly disordered.
ARXPS results for a silane film give a straight line when plotted as In Intensity vs l/sin0. 
This indicates that a laterally uniform silane film has been deposited.
Both ARXPS and XPS substrate attenuation methods calculate the silane thickness as 1.7 
nm.
SIMS depth profiling can be used on organic systems to give meaningful results regarding 
the removal of an overlayer.
SIMS profiles indicate that orientation of the silane deposit is far from simple with both
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silicon and epoxy end being detected initially on etching. This shows that the silane 
molecules are not highly orientated.
SIMS depth profiles have shown the presence of Fe-O-Si bonds which are present as a 
discrete layer at the oxidised iron surface below an overlayer of silane molecules.
Any adventitious hydrocarbon material present on the iron surface is displaced by the 
deposition of the silane layer.
Molecular modelling has been used in a two stage process (sorption and molecular 
dynamics) to confirm the complex nature of silane adsorption. Although the modelling 
package used cannot model primary bonding, results indicate that the hydrolysed silane triol 
aligns adjacent to the FeOOH surface within bonding distance.
Results from molecular dynamics show that both hydrolysed GPS and APS molecules lie 
flat on the FeOOH surface while hydrolysed vinylsilane aligns normal to the iron surface.
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Deposition and Organisation of Adhesion Promoters on 
Iron Surfaces: Relationship to Interfacial Chemistry of
Adhesive Joint Failure
8.1 In t ro d u c tio n
The use of structural adhesive bonding has grown dramatically over the last few decades 
and it is now used extensively in many engineering applications. It offers many advantages 
over conventional bonding operations, such as spot welding, as dissimilar materials can be 
joined readily and better stress distribution can be achieved along the bond line. Similarly, 
coatings technology has improved enormously and protective coatings now exist which 
offer great improvements in terms of substrate protection. However, despite many 
advantages over conventional processes, adhesive bonding (and coatings technology) have 
not reached their full potential as a result of a number of limitations. The most dominant 
of these being the reduced adhesion performance in the presence of water; the deleterious 
effects of humidity on adhesion performance have been reported since the 1960s [59].
Attempts to overcome such limitations have led to the development of a wide number of 
pretreatments and many commercial systems exist offering significant improvements in wet 
durability. A prime example of this is the bonding of aluminium and titanium in the 
aerospace industry. In the case of ferrous substrates several pretreatments such as 
phosphating and chromating are used for coated systems, however, there is a move away 
from such systems on environmental grounds and new "green issues" are becoming a 
legislative requirement. The need for environmentally friendly, inexpensive, pretreatments 
is therefore of considerable commercial interest and many industrial organisations are 
striving to find suitable systems.
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Developments by BP using paint pigments indicated the potential improvements to the 
durability of coatings on steel offered by treatments containing rare earth metals. These 
initial findings were investigated further by Cayless et al [45] and the beneficial effect on 
the adhesion of steel substrates using rare-earth, in particular yttrium, pretreatments was 
established [46]. Results indicated that a thin layer of yttrium could be deposited from 
dilute solutions of Y(N03)3 as a result of electrochemical activity. The relative ease and 
speed of deposition was of great importance as the deposition process could be introduced 
easily in a process environment as a simple washing stage. This route to adhesion 
enhancement showed great promise as rare earth materials are non-toxic and are relatively 
cheap considering the very low levels of material actually deposited and the very dilute 
process solutions required. The thin film approach has many advantages over thicker films 
as it reduces the likelihood of failure within the deposited layer and also minimises cost. 
Despite their name, rare earth metals are relatively abundant in the earths crust; for example 
yttrium is about twice as abundant as molybdenum.
8.2 The Deposition of Cationic Yttrium on Heterogeneous Surfaces
Yttrium pretreatment, therefore, appears to offer an easy to apply, low cost, environmentally 
friendly method of adhesion enhancement on the basis of the limited number of simple 
systems tested by BP. It was therefore desirable to perform fundamental studies regarding 
the deposition process in an attempt to characterise the process more fully, and investigate 
the nature of the surface deposit formed.
In order to study the yttrium deposit it was necessary to utilise a number of surface 
analytical techniques. Initial studies examining the deposition kinetics, to validate the 
electrochemical driving force for deposition, were undertaken using standard area 
integrating XPS. Such studies confirmed the early findings of Cayless et al and showed that 
a thin layer of yttrium hydroxide could be deposited very quickly from a weak solution of 
Y(N03)3 as a result of electrochemical activity. The level of yttrium deposition was found 
to vary as a function of the substrates reactivity. The deposit produced is not susceptible 
to removal by subsequent washing and remains as an indicator of previous electrochemical 
activity. To investigate the deposited layer in more detail it was necessary to use analytical 
techniques which offer high spatial resolution. To this end, AES (and SAM) were used
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primarily to study localised deposition around heterogeneities in the substrate material. 
Auger images for iron and yttrium were acquired for an area containing an inclusion and 
results from the images produced appeared somewhat misleading. These images appeared 
to indicate that the cathodic region surrounding an inclusion (halo) was iron rich and that 
the general surface of the iron was covered with an yttrium layer as a result of the presence 
of local transient anodic and cathodic sites. The iron covered cathodic region was 
unexpected as yttrium should decorate cathodic sites due to stability criteria described in 
the relevant Pourbaix diagram (Fig 4.2). The hierarchy of layers in the two main regions 
(ie cathodic halo and general iron surface) was investigated by Auger depth profiling to 
resolve the apparently misleading result. Results from the ADPs indicated that cationic 
yttrium had indeed deposited in the cathodic halo region, however, the anodic dissolution 
product had precipitated on top of a relatively thick yttrium layer resulting in a layered 
structure. Such precipitation of insoluble iron species is predictable from the relevant 
Pourbaix diagram [80], The general iron surface is covered with a much thinner yttrium 
deposit and it is not decorated by back deposited iron. It is important to remember that the 
substrates used in this study are relatively pure (98%+ pure iron has been used) therefore 
heterogeneous regions will not dominate the microstructures. Areas of back deposited iron 
surrounding local heterogeneities may act as local areas of weakness and their presence 
could become more important if their relative abundance increased due to cheaper steel 
(more inclusions) being used in a commercial system.
8.3 Mechanical Testing of an Yttrium Pretreated/Fully Formulated Adhesive System
Having established the effect of several deposition variables and gained a greater 
knowledge regarding the physical and chemical nature of the yttrium deposit it was 
essential to validate the claims regarding improved adhesion performance. This led to the 
undertaking of a durability study using two fully formulated commercially available 
adhesive systems. The lap shear geometry was selected as a means of ranking the 
performance of treated versus control samples. This geometry has a number of limitations 
in terms of mechanical properties, however, it enables joints to be failed following 
prolonged exposure to water and offers the failure surfaces in a state suitable for high 
quality surface analysis. Other systems, such as the Boeing wedge test, are not as ideal in 
terms of surface analysis as the failure surfaces are exposed to the aggressive environment
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and consequently undergo post failure degradation.
Results from mechanical testing show that yttrium pretreatment has not had the expected 
beneficial effect on the durability of adhesive joints tested in this study (lap shear joints 
produced using Ciba Geigy Araldite 2011 and 2013, tested following conditioning in sealed 
glass jars containing water at 30°C). Earlier work from BP [46] also indicated adhesion 
enhancement when a silane adhesion promoter was used in conjunction with a thin layer 
of yttrium hydroxide. It was considered that the hydrolysed silane molecules would react 
with the high concentration of surface hydroxyl groups from the Y(OH)3 to form primary 
bonds via a condensation reaction of the type Y(OH)3 + SiOH -»Y-0-Si + H^O with a 
single of the hydroxyl groups. To further our scientific understanding a series of durability 
studies were performed consisting of a number of variables including silane, yttrium and 
control. A modified wedge cleavage test geometry with Ciba Geigy Araldite 2013 adhesive 
was used for this purpose as it enabled the pretreatments to be tested in a matter of days 
compared to several months for the unloaded lap shear joints. Silane treated samples were 
produced using silane from a methanol solution (2 vol%) and it was anticipated that 
sufficient hydrolysis would occur due to absorbed water in the HPLC grade methanol. 
Results from these tests showed that the silane pretreatment had indeed improved durability 
and the crack growth data was best for the silane treated iron substrate. The yttrium 
pretreatment once again did not appear to improve durability.
Testing with the fully formulated adhesives used in this study has therefore not shown any 
improvement in adhesion durability with yttrium pretreatment, this is in contrast to the early 
findings of workers at BP[46] for a simple non toughened Epikote 828 adhesive with mild 
steel adherends. Consultation with a major coatings company (PPG Industries Inc. Pittsburg 
USA) led to them performing an initial study addressing the potential benefits of yttrium 
pretreatment for the coatings industry. An experimental matrix was defined comparing this 
new thin film approach to other commercially used pretreatments and durability tests were 
undertaken to determine its effectiveness. A panel coated with a white enamel paint was 
shot blast using an Erichsen Gravelometer (92ml of 1/16" steel shot , 26 psi blow jet 
pressure) to provide a reproducible level of localised defects. Panels were then placed in 
the environmental test environment (General Motors cyclic scab, 140°F, 85% RH) for 50
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cycles. Following exposure, each panel was "taped o f f  with 3M Scotch Brand "828" tape 
and paint loss readings were recorded using image analysis apparatus. Results indicated that 
the yttrium pretreatment (deposited in a manner suggested from the results in Chapter 4) 
had a significant improvement in paint loss readings on cold rolled steel panels (6.6% loss 
compared to 13.0% for the control samples) [182], These results once again confirm the 
potential benefits to durability performance offered by a thin film of yttrium hydroxide and 
reinforce the belief that improvements are very susceptible to the exact type of the 
adhesives/coatings system used.
Attempts were made to correlate water absorption within the adhesive in the lap shear joint 
with the nature of the failure surfaces using an approach similar to that of Gledhill et al 
[64], Water absorption was studied and diffusion coefficients were determined (assuming 
Fickian diffusion) for water at 30°C, in the adhesives used in this study (Araldite 2011 and 
2013). These data were then used in an attempt to predict the kinetics of failure. The water 
concentration was determined as a function of the distance from the joint edge for 1200 and 
7050 hours (the test times used in the durability study) to determine whether there was a 
minimum water concentration necessary for delamination as predicted by Gledhill et al 
[64]. However, the steep gradient of the water concentration profile in the adhesive joints 
at 1200 hours prevented this from being determined, as any error in measurement of the 
failure front would result in a large variation in the predicted water concentration. 
Following this attempt to model the failure process, it was decided to determine the nature 
of adhesion loss by careful analysis of the failure surfaces using several surface analytical 
techniques.
8.4 Investigation of the Failure Surfaces
To determine the exact locus of failure it was necessary to examine the surfaces of failed 
joints. Failed lap shear joints were best suited for this purpose as they had not been 
exposed to an aggressive environment following failure. Initially, the failure surfaces were 
examined visually. This showed clearly that they consisted of two regions, one being 
associated with cohesively failed epoxy and the other showing apparent interfacial failure. 
At longer exposure times (7050 hours) there also appear to be two different zones within 
the metal half of this apparent interfacial region. These could be identified visually and
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were present as a halo around the central cohesively failed epoxy. Careful measurement of 
the two fronts associated with the zones indicates that their speed of propagation is 18.5 pm 
and 10.2pm per day respectively. The heterogeneous nature of the failure surfaces 
necessitated the use of spectroscopic techniques capable of high spatial resolution. Of the 
surface analysis techniques available, AES has the highest spatial resolution (< 0.1pm), 
however, the insulating nature of the epoxy adhesive makes this technique difficult to use 
as electrostatic charging problems become prohibitive. Instead, small area XPS, imaging 
XPS and ToF-SIMS were used to offer spatially resolved information regarding the failure 
surfaces and provide chemical state information at the expense of ultimate spatial 
resolution.
After 1200 hours immersion in water at 30°C the failure surface of a failed joint (control) 
was examined using a VG Scientific ESCALAB 220i spectrometer. This enabled small area 
XPS to be performed in the outer region which appeared visually to be interfacial in nature. 
Results indicate that the metal surface in this outer region is very clean and the clarity of 
the Fe2p peak indicates that there is not an attenuating polymeric overlayer. Analysis of 
the yttrium treated sample showed similar results, however, failure has occurred at the 
yttrium-epoxy interface and the yttrium layer has remained intact during the exposure and 
subsequent failure. This is important as it indicates that the yttrium layer has remained 
intact and has not been displaced or removed on exposure to a hostile environment. 
Nitrogen does exist on the metal side of the failure surfaces. The source of this nitrogen 
is not clear and three possible scenarios exist to explain its presence. It is either present as 
a discontinuous layer resulting from failure in a nitrogen (amine) rich surface phase within 
the adhesive, from leeching and subsequent re-deposition of nitrogen rich phases from the 
adhesive or from the adsorption of atmospheric nitrogen on failure. Unfortunately, with the 
data available, it is not possible to determine unambiguously the nature of this nitrogen 
component.
After 7050 hours in water at 30°C there is a ringed structure within the metal failure 
surface (zone 2). The failure route appears to be identical for both the treated and the 
control joints and the yttrium pretreatment has not improved durability performance. As a 
result of this, small area XPS, imaging XPS and ToF-SIMS analyses were undertaken on
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the control sample in an attempt to determine the failure mechanism. It was decided to 
study the control sample in some detail, as a simpler system, it enabled the failure 
mechanism to be identified more readily. Initially, small area XPS was undertaken on both 
the inner (shiny) region and also the outer (dull) region using the Scienta ESCA 300 
spectrometer. The major differences between the two visibly different regions were the 
level of the iron signal (more attenuated in the outer region) and the presence of chlorine 
in the inner region. To gain a fuller picture of the differences between the two regions 
several analyses were taken along a line which spanned both regions. The spectra recorded 
at each stage were quantified and the results were presented as line scans (ie concentration 
versus distance). This method of analysis proved very useful and allowed large scale 
heterogeneities to be examined while recording the entire survey spectrum at each stage so 
that subtle changes could still be identified. Silicon was detected in the outer region from 
the XPS line scans. Attempts were made to determine its chemical nature by recording its 
exact binding energy. A binding energy of 102.2 eV enabled it to be identified either as a 
silicone or a silicate but excluded the possibility of Si02. Further clarification was not 
possible from the XPS data and ToF-SIMS was performed to characterise further the failure 
surface.
ToF-SIMS line scans were obtained in a similar manner to the XPS line scans and the 
SIMS spectra allowed the ambiguity regarding the nature of the silicon in the outer region 
to be resolved. Fragments from silicones are well documented for SIMS and characteristic 
peaks are identified easily, the outer region, which has been shown to contain silicon from 
XPS results, showed no such silicone peaks. It is therefore possible to identify the silicon 
as a silicate, as Si02 has been excluded by the XPS data; this is not unlikely as this could 
arise from the laboratory glassware used during the durability tests. The combination of 
XPS and ToF-SIMS has enabled the silicon compound to be identified with confidence. As 
both techniques offer spatial resolution they can be used to produce line scans spanning the 
entire failure surface. This enables the failure surfaces to be characterised fully as chemical 
state and quantified information is offered by XPS, whereas molecular information, which 
is particularly useful when considering polymeric samples, is obtained by ToF-SIMS.
Inspection of both XPS and ToF-SIMS line scans shows the presence of calcium and
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sodium cations at the crack tip (region next to the cohesively failed area). This suggests 
that ionic mobility is controlled by electrochemical activity. The absence of chloride ions 
in the outer region (crevice mouth) suggests that species within this region have higher 
mobility, allowing anions to migrate towards the anodic outer surface. The presence of 
cations in the inner cathodic region suggests that mobility is much lower in this region and 
that anions are not free to migrate towards the anode. It is likely that the inner region has 
a much lower volume which prevents the free movement of ions.
XPS E-X images have been performed to obtain chemical state information of the transition 
between the inner and outer regions of the interfacial "metal surface" (zones 1 and 2). 
Results from the Fe2p peak show that the metallic component is much smaller in the outer 
(dull) region and eventually disappears at the crevice mouth. This indicates that the oxide 
is thicker in the outer region and is in keeping with the visual observations. The difference 
between the oxide thickness could be due to two factors: firstly, oxide reduction may have 
occurred in the inner region therefore reducing the oxide thickness (a phenomenon that is 
the source of much controversy in the literature), secondly, the oxide thickness detected for 
the inner region is that of the iron substrate prior to deposition (air formed oxide) and that 
the oxide has grown in the outer region due to exposure to a hostile environment. As no 
additional potential was applied to the system (operating at the free corrosion potential), 
oxide reduction cannot occur even at high pH levels. This is predicted from the relevant 
Pourbaix diagram. The oxide thickness of the inner region is therefore unchanged and oxide 
growth is experienced in the outer region.
This work has highlighted the potential benefits offered by E-X images. Despite their 
complex appearance, they combine both spatial and spectral resolution in one plot without 
the need for careful selection of energy windows. This has great benefits when spanning 
a heterogeneous region which may undergo different levels of electrostatic charging. Using 
more conventional imaging techniques (X-Y imaging at constant energy, E), the energy 
window set around a given peak (component) for imaging, may drift due to charging and 
hence a very misleading image may arise. Such problems are identified easily using E-X 
scans as the entire spectral region (over the range selected, eg 20 eV) is displayed allowing 
corrections to be made. Imaging surface spectroscopies are now commonplace and
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manufacturers of XPS instruments constantly strive towards better spatial resolution. By 
following this route, it is easy to overlook the potential benefits offered by chemical state 
imaging and the high spectral resolution offered by XPS is seldom optimised fully. If 
spatial resolution is of paramount importance, and the sample does not charge prohibitively, 
it is far better to use AES as much higher spatial resolution is obtained easily.
The un-coated metal surfaces do not show gross corrosion considering they have been 
immersed in water at 30°C for 7050 hours. This is a result of the low oxygen concentration 
in the water (maintained in sealed glass jars) as this will reduce the rate of the cathodic 
reaction which is likely to be the rate controlling step. On initial immersion, local corrosion 
cells will operate over the iron surface, this will result in slight oxide thickening in the 
outer un-coated region. This is not the case for the area under the adhesive as the ionic 
mobility is much reduced hence the reaction rate is lower. After a short time, a permanent 
cell will have become established with the area under the adhesive being the cathode. 
Electrons produced at the anodic reaction must be able to travel to the cathodic surface to 
be consumed by the cathodic reaction. Electron transport to the surface is therefore very 
important and will be affected by the oxide thickness as electrons need to travel through 
the surface oxide to reach the cathodic reaction. Oxide thickening in the un-coated region 
reduces the rate of electron transport (higher resistance)[183] therefore, the region under 
the adhesive, which has a thinner oxide, will become cathodic. This results in an underfilm 
cathodic region and consequently the build up of hydroxyl ions and cathodic delamination. 
Cathodic delamination has been identified from the XPS and SIMS spectra and manifests 
itself in several ways. Interfacial failure has occurred and can be confirmed from the XPS 
survey spectrum which shows a very clean iron surface with a thin native oxide. Also, the 
presence of cations (sodium and calcium) at the crack tip indicate cathodic electrochemical 
activity while the chloride ions which are present in the inner region (zero volume debond) 
are displaced in position towards the outer anodic region where they are lost to the bulk 
solution. This is a result of the increased mobility as a result of the adhesive becoming 
displaced from the metal surface and the associated opening of the crevice mouth.
Meaningful surface analysis has been performed on the failure surfaces of iron adhesive 
joints despite them being immersed for nearly a year in a hostile environment. This
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confirms the correct choice of adhesive joint geometry as both bulk mechanical properties 
(comparative joint strength) and detailed surface chemistry have been studied using one set 
of test specimens. This is a great advantage as many test geometries offer only one of these 
possibilities. The combined results from both XPS and SIMS has enabled a schematic of 
the failure region in terms of electrochemical activity prior to mechanical separation to be 
proposed (Figure 6.13).
Having determined that failure is a result of cathodic delamination, and that substrate 
stability is not a major concern (failure is not caused by gross substrate hydration), it is not 
surprising that durability remained unchanged when the yttrium pretreatment was used. It 
is possible that substrate hydration may be more pronounced when samples are immersed 
in a more corrosive environment (ie aerated water). However, the role of substrate 
hydration as a route to adhesive failure is not clear and little direct evidence exists 
confirming its role for steel systems. Recent studies by Davis [39] claim that substrate 
hydration occurs under an intact polymeric film for aluminium systems, however, in many 
cases hydration is thought to occur post failure (following displacement of a polymer film) 
and it is difficult to determine if it is a cause, or an effect, of adhesive failure.
The role of corrosion induced failure in adhesive joints is often overlooked as failure by 
cathodic delamination can be misinterpreted easily. Failure surfaces appear similar to those 
produced by the adhesive displacement that can be predicted from work of adhesion 
considerations. With cathodic delamination, there is no gross corrosion of the failure 
surfaces as the anodic and cathodic areas are separated. Many failures which have been 
assigned previously as interfacial due to thermodynamic separation, such as those 
considered by Gledhill and Kinloch [66], may have resulted from cathodic delamination and 
only careful surface analytical studies could distinguish between the two apparently 
identical failure paths. Such findings highlight the need for surface analytical investigations 
of failure surfaces as knowledge of the precise locus and mechanism of failure is essential 
if improvements in durability performance are to be achieved.
As failure is likely to be a result of a process driven by corrosion it is conceivable that the 
yttrium layer could reduce the anodic activity which in turn will reduce hydroxyl ion
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generation and the rate of cathodic delamination. It could be that yttrium is only effective 
with systems that are very susceptible to cathodic delamination much as in the fully aerobic 
conditions alluded to above.
Early workers also reported significant improvements when yttrium was combined with a 
silane adhesion promoter. Silane deposition is still not understood fully and requires a 
number of fundamental studies similar to those of Bailey and Castle [33] to be performed. 
It was decided to study silane deposition using both surface analytical and molecular 
modelling techniques in an attempt to further our understanding of the structure and mode 
of action of the silane layer.
8.5 Silane adsorption
Silane films were deposited from methanol solutions onto polished iron substrates (98%+ 
pure iron) and XPS results (ARXPS and substrate attenuation calculations) indicated that 
a uniform 1.7 nm thick film was produced. XPS adsorption isotherms have been used 
previously to characterise silane adsorption [33] and have enabled the type of adsorption 
(ie in terms of Temkin, Langmuir etc) and the molecular orientation of two different silanes 
to be determined. If silane molecules orientate in a uniform "toothbrush like" manner, the 
silicon intensity from each molecule would be largely a function of attenuation by the 
remaining silane molecule and would increase with surface coverage. Only silicon atoms 
in silane molecules present at the perimeter of an island distribution would contribute 
characteristic silicon photo electrons that have not undergone attenuation in the silane film 
(Figure 8.1). Analysis of a highly ordered deposit would result in a classic uptake isotherm 
which could be related to the nature of surface coverage. Attempts were made to investigate 
the adsorption of GPS onto polished iron using XPS adsorption isotherms. Over 40 samples 
were examined and the surface silicon content was quantified using the Si2s component 
with Wagner sensitivity factors. There was a large scatter in the results and they did not 
show a good correlation to any type of isotherm. This indicates that GPS does not align in 
a uniform manner and that a complex silane deposit has been formed.
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Figure 8.1 Schematic showing the contribution to the XPS intensity of non-attenuated 
photo electrons from silicon atoms in a discontinuous silane layer.
Further attempts to increase our understanding of the silane deposit were made using ToF- 
SIMS. This was used to study the molecular orientation of the silane molecules and to 
determine the nature of bonding to the substrate, ie is there evidence of primary bonding 
of the type proposed by Gettings and Kinloch [53], Static SIMS spectra taken from the 
silane film show clearly that fragments are detected which originate from both ends of the 
silane molecule. This indicates that silane molecules are not aligned perfectly normal to the 
substrate with their silicon ends interacting with the iron, as such a scenario would result 
in a much higher signal from the epoxy end compared to the silicon end (the signal from 
the silicon fragments would be attenuated). This is not the case. A gentle depth profiling 
experiment was developed to enable the silane layer to be investigated, this resulted in the 
slow removal of the organic deposit and subsequent analysis of the substrate surface. Most 
peaks associated with fragments from the silane layer reduced in intensity rapidly on 
etching. This was expected as the etch steps result in considerable damage and the silane 
film will degrade to give characteristic peaks which can be assigned to fragments from the 
silane molecule. However, not all peaks decrease on etching and those associated with the 
substrate, m/z 56+ (36Fe) and m/z 72+ (56FeO), increase on etching. This behaviour is 
expected as it is consistent with the removal of an attenuating overlayer. The m/z 100+ peak 
is of particular interest and it has been assigned previously as Fe-O-Si [53] and is thought 
to be indicative of primary bonding between the substrate and the silane molecule. In the 
initial spectrum of the silane film (etch time = 0), under conditions referred to as static 
SIMS, there is no m/z 100+ peak. This is not surprising as initially the silane layer 
attenuates a large proportion of such fragments (larger than simple atomic species such as
Characteristic Si photoelectron
Si Si Si Si
238
Chapter 8: Deposition and Organisation o f  Adhesion Promoters on Iron Surfaces: Relationship to
Interfacial Chemistry o f  Adhesive Joint Failure.
Fe) and prevents them from being detected. This may well explain why the m/z 100+ peak 
is not always observed in SIMS studies of silane films as its presence will depend upon the 
primary ion dose and the removal of attenuating species. However, the intensity of the m/z 
100+ peak increases on etching and the peak rises well above the background noise of the 
spectrum. This indicates that this is a significant effect and it is suggested that the signal 
associated with primary bonding between the silane and substrate increases as attenuating 
species are removed. The identity of the m/z 100+ peak is, however, not totally straight 
forward. The three main possibilities are FeOSi+ (m/z 99.9067), Fe02C+ (m/z 99.9248) and 
Si30  (m/z 99.9256), however, to resolve these peaks requires a mass resolution (M/AM) of 
5600 at mass 100. This is not achieved easily even using our reflectron ToF-SIMS which 
has M/AM = 4000 at mass 29 and is well beyond the capabilities of the Poschenrieder 
instrument used in this study. Attempts to identify the m/z = 100+ component by exact 
mass determination on the reflectron were inconclusive as mass scale calibration around 
m/z 100 proved difficult. The peak is unlikely to arise from Si30  as it does not scale with 
the silicon intensity and the Si30  fragment is unlikely considering the silane films structure. 
The alternative assignment of Fe02C+, which could form during the etching process, is 
plausible. An additional experiment was performed to assess this possibility. An acetone 
cleaned iron stub was etched in the same manner as the silane deposit and the m/z 100+ 
component was plotted as a function of etch time. The intensity did not increase on etching 
confirming that the m/z 100+ component is not a result of Fe02C being formed. It is 
therefore proposed that the m/z 100+ component is due to Fe-O-Si and is characteristic of 
primary bonding between the substrate and the silane layer.
Continued etching leads eventually to a reduction in the intensity of the m/z 100+ peak and 
confirms that it is present as a discrete phase. It might be expected that the Fe-O-Si 
component would decrease in intensity on etching at a much higher rate, ie be almost zero 
intensity shortly after the silane fragments have been removed. The comparatively 
prolonged presence of the Fe-O-Si component is likely to be due to it having a reduced 
etch rate compared to the polymeric fragments. Ideally this work should be repeated on a 
spectrometer offering much higher mass resolution, where, assuming that good mass 
calibration can be performed, the identity of the m/z 100+ component can be resolved 
unequivocally.
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The relative analysis depth for molecular species compared to atomic species is the subject 
of much recent discussion and there is considerable debate regarding the assumptions of 
a very surface specific depth of analysis for static SIMS. The primary ion collision cascade 
is known to operate over a considerable depth and characteristic ions produced may 
therefore travel through the outer layers to be detected. Intuitively, it seems likely that the 
depth if analysis will be a function of attenuation in the substrate and will therefore vary 
with the size of the fragment. Much work needs to be performed in this area to determine 
the depth of analysis. This could be achieved by producing completely uniform, perfect 
attenuating overlayers (pin hole free) and monitoring the subsequent substrate signal as a 
function of thickness. However, problems associated with producing such overlayers are 
considerable and need to be overcome before rigorous results can be obtained. The use of 
plasma polymerised layers may offer one route to such calibration standards.
Results from both XPS and ToF-SIMS indicate that the deposition of GPS on to iron 
surfaces is very complex and that a highly orientated silane film is not produced. Molecular 
modelling was employed in an attempt to understand further the nature of the silane deposit 
in terms of its molecular orientation with the iron surface. Previous workers have addressed 
silane orientation via the use of XPS adsorption isotherms [33], They concluded that the 
orientation depended upon the precise silane variant that was used and proposed that 
hydrolysed y-APS (y-aminipropyltriethoxysilane) is oriented parallel to the iron surface 
whilst hydrolysed vinyltriethoxysilane is oriented with its silicon end towards the iron 
substrate and the remaining silane molecule upright. These two different silanes were used 
initially to validate the molecular modelling approach. Molecular modelling was performed 
in a two stage process. Firstly, sorption was undertaken to determine the preferred (lowest 
energy) loading site. This is essential and uses a Monte Carlo algorithm to interrogate the 
substrate surface to find a global minimum energy site. Secondly, molecular dynamics was 
applied to the system to determine the orientation of the silane molecule. If molecular 
dynamics were used solely, it is possible for the simulation to "get stuck" in a local energy 
minimum and therefore not reach a true energy minimum. The geometry of the silane 
molecule was obtained by analysing the trajectory file associated with the molecular 
dynamics simulation and extracting the frame associated with the lowest total energy. 
Results from both the APS and the vinyl silane confirm the early findings of Bailey and
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Castle and show that the APS molecule tends to align parallel to the substrate surface while 
the vinylsilane aligns perpendicularly with the silicon end towards the iron. This is 
encouraging as a well established XPS result has been corroborated with newer molecular 
modelling techniques. This increases our faith in the very complex modelling software and 
the procedures used in this study (ie choice of force field, charge assignment etc). The 
adsorption of GPS on iron was then investigated using molecular modelling in the same 
way. Results show that the GPS molecule also aligns parallel to the iron surface in a 
manner similar to that for APS. This is an exciting result as it confirms the findings from 
both XPS and SIMS that GPS adsorption onto iron is very complex and does not orientate 
in a highly ordered "toothbrush like" fashion with the silicon ends towards the iron and the 
epoxy ends towards the adhesive. Neither is it a uniform "parallel" monolayer of the type 
eluded to for APS by Bailey and Castle.
The high performance of relatively cheap computer systems (workstations) and the level 
of sophistication in current molecular modelling packages now enables molecular modelling 
to be considered as an additional research facility offering great potential to surface studies. 
However, great care must be taken when using such techniques and a degree of scepticism 
is essential when considering the very visual output produced. It is important to be very 
systematic when operating the software as there are a large number of variable parameters 
to be considered. In this work, checksheets were produced and filled in for each computer 
simulation, this enables the entire operation to be repeated if necessary. It is also necessary 
to consider the selection of force field and charge assignment routines as their choice will 
be affected by the type of system under investigation. Ideally, results from the modelling 
procedure should be corroborated first, by an independent technique for a similar system, 
before being used to predict an unknown system. This is not always easy and highlights 
the benefits possible from a combined study incorporating both molecular modelling and 
surface analysis techniques.
The adhesive bonding of steel provides a serious technological challenge due to poor 
durability performance. There is also a severe problem when investigating the 
micro chemistry of failure by surface analysis methods as much of the forensic evidence is 
obliterated by subsequent rusting of the steel. Results indicate that failure is primarily a
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function of corrosion driven delamination. This leads to failure surfaces similar to those 
from wet adhesion failure caused by thermodynamic displacement and surface analysis is 
needed to differentiate between them. Yttrium pretreatment appears to improve the 
durability performance for a limited number of systems but is very critical on the exact 
adhesive/substrate/environmental conditions used. Very preliminary results from a painted 
system confirm the worth of yttrium in fully aerobic conditions.
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9.1 Conclusions
A detailed study of the deposition and organisation of organic and inorganic adhesion 
promoters has been carried out, together with an investigation of adhesive joint strength and 
extensive analysis of the associated interfacial failure surfaces. In reviewing the work the 
following conclusions can be drawn.
Yttrium deposition has been fully investigated using a range of surface analytical 
techniques and information regarding both the deposition mechanism and the physical 
nature of the deposit has been obtained. Yttrium is seen to cover an iron surface as a result 
of electrochemical activity and forms a thin tenacious layer of Y(OH)3. Local anodic sites 
such as inclusions result in enhanced corresponding cathodic activity and hence a 
heterogeneous deposit is formed which is thicker in such regions. SAM in conjunction with 
ADP has allowed the hierarchy of layers in such local structures to be determined and it 
is clear that iron back deposits on top of a thicker yttrium layer in the cathodic regions 
surrounding inclusions.
The yttrium layer proves tenacious and is not disrupted even after prolonged exposure 
(7050 hours) to water at 30°C. Yttrium deposition does not appear to improve the durability 
of adhesive joints in the systems studied, and surface analytical studies indicate that the 
locus of failure is the same for treated and control samples. However, improvements have 
been noted by previous workers at BP Research and also in preliminary trials performed 
by PPG Industries as a result of this research using paint systems in an aerobic 
environment.
Water uptake experiments have been performed on both adhesives used in this study. 
Results show, that at 30°C, water in the Araldite 2011 adhesive has a higher diffusion
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coefficient than in the filled 2013 adhesive (2.67 x 10'9 cm2 s'1 compared to 1.44 x 10'9 cm2 
s'1). The 2013 adhesive shows evidence of two phase water uptake where one phase is 
mobile and the second is immobile. It is likely that bonding occurs at active sites within 
the adhesive, however, little can be predicted regarding the nature of the chemically bound 
water.
The choice of adhesive test geometry is critical when surface analysis of the failure surfaces 
is intended. The single lap shear geometry proved suitable and allowed detailed surface 
analysis to be performed. The heterogeneous nature of such failure surfaces has highlighted 
the need for spatially resolved surface analysis techniques. Small area XPS, iXPS and ToF- 
SIMS have been used to investigate the local chemistry of the failure surface. Results from 
the failure surface show that separation occurred due to cathodic delamination and two 
distinguishable regions (zones 1 and 2) associated with two failure fronts have been 
identified. The level of information available from surface studies confirms the correct 
choice of joint geometry/test environment. This is important as many joint geometries result 
in failure surfaces which suffer post failure degradation, this masks the surface chemistry 
of the as-failed surface and consequently limits the usefulness of surface studies. 
Mechanical failure, and consequent drying of the joints, has acted as a snapshot in time and 
has enabled a combination of surface analytical techniques to be used to determine the 
distribution of surface chemical species present within the joint prior to failure.
Despite the complex appearance of E-X plots, the provision of a spectral window enables 
retrospective chemical state information to be obtained. If meaningful results are to be 
obtained from imaging XPS techniques, to which the user has limited availability, it is 
necessary to perform preliminary experiments using more widely available conventional 
XPS so that very precise imaging analyses can be undertaken.
Enhanced durability was obtained for iron adherends treated with a silane adhesion 
promoter (coupling agent) which was deposited from a solution made with HPLC methanol. 
This is interesting as it confirms that sufficient water is present within the methanol to 
cause the silane to hydrolyse and become effective. This is important in terms of 
manufacturing as silanes are often incorporated into adhesive formulations and are required 
to operate successfully without an extra hydrolysis step. Uptake studies using XPS show
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that the adsorption of glycidoxypropyltrimethoxysilane (GPS) from methanol onto iron does 
not conform to known isotherms such as Temkin or Langmuir. It is concluded that the 
silane deposits in a highly disordered state without alignment of the silane molecules on 
the iron surface. The orientation of silane molecules has also been investigated using 
molecular modelling in a two stage approach. The approach adopted (sorption followed by 
molecular dynamics) was first validated using two silane systems 
(aminopropyltriethoxysilane and vinytriethoxysilane). Results from the modelling confirmed 
the earlier work of Bailey and Castle [33] who determined, via XPS adsorption isotherms, 
that APS molecules adsorbed parallel to the iron surface whereas the vinylsilane molecules 
oriented perpendicularly to the surface with their silicon ends interacting. The computer 
modelling approach was then used for the GPS molecule and it predicted that GPS 
orientated parallel to the iron surface and that the hydrolysed silane triol was within 
bonding distance with the iron. SIMS depth profiles have shown the increase in intensity 
of a peak at m/z = 100+ on etching, this has been assigned as being due to a Fe-O-Si bond 
at the silane-iron interface. It is suggested that analysis in the SIMS regime conventionally 
considered to be static (SSIMS) does not show the presence of this component due to 
attenuation in the overlying silane deposit.
9.2 Suggestions for Future Work
It is essential to determine the regimes of applicability of yttrium pretreatment both in 
terms of adhesive systems and environmental exposure conditions.
The beneficial properties sometimes offered by yttrium pretreatment are likely to depend 
upon one of two possible scenarios; firstly, the yttrium layer stabilises the metallic substrate 
and leads to a reduction in anodic activity and a consequential decrease in the production 
of hydroxyl ions at the cathode. Secondly, that specific interactions between the polymer 
and the yttrium layer lead to preferential bonding which, in advantageous cases, is less 
susceptible to alkaline hydrolysis.
Initial studies indicate that the free corrosion potential is the same for both yttrium 
pretreated and control iron surfaces. This may not be the case under all environmental 
conditions. This could be confirmed by measuring the corrosion potential in systems with 
differing levels of oxygenation, where, yttrium may be found to reduce the anodic activity.
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Analysis of model systems is necessary to determine if there is a difference in the nature 
of bonding between an adhesive and both an yttrium and an iron control system. This could 
be achieved by depositing thin films of adhesive onto substrates (by spin coating from a 
suitable solvent) and subsequent analysis of the interphase region produced.
It is clear, that with careful validation, molecular modelling offers much scope to the 
adhesion community. However, great care must be taken and a combined approach in 
conjunction with surface analytical techniques is essential. This area warrants much future 
work and a number of potential systems, for example model adhesives, could offer useful 
insights into molecular adsorption and subsequent bonding. Much scope also exists for 
evaluation of several silane systems on a variety of technologically relevant substrates. 
Recent environmental concerns have led to a re-surgance of interest in their use for 
structural adhesive bonding purposes.
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